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Vou. 34. No. 298. OcToBER 1948. 


THE INSTITUTE OF PETROLEUM. 


An Ordinary General Meeting of the Institute of Petroleum was held at 
Manson House, 26, Portland Place, London, W.1, on Wednesday, June 9, 
1948, the Chair being taken by F. L. Garton (Member of Council). 


Tue CHAIRMAN, opening the proceedings, said: Since the end of the 
War quite a large number of missions have been to Germany under the 
wgis of the Combined Intelligence Objectives Sub-Committee (later the 
British Intelligence Objectives Sub-Committee) to find out what they could 
about developments in Germany during the war years. A good deal of the 
work done there was quite well known to us, but there were developments 
of very considerable interest. 


Those who have not had the opportunity to serve on one of those missions 
or to talk to some of those who have so served can hardly realize the state 
of disorganization and frustration in which the Germans worked, partic- 
ularly towards the end of the war period, owing largely to bombing by the 
Allied air forces which had disrupted communications. I know of one case 
in which it took 24 days to obtain an answer on an important question 
which would normally be obtained within a few minutes by telephone. 
There were shortages of materials also. I think the fact that some of these 
interesting developments did not get to the actual practical scale may 
have been due, not to their being unsuitable, but to the conditions in which 
the Germans were working. 


Therefore, it was felt that an examination of the German work might 
be useful. For that reason this symposium has been arranged to-day to 
discuss two important subjects, first combustion and secondly lubrication. 


The following papers were then presented : 
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FUNDAMENTAL WORK ON COMBUSTION IN 
GERMANY.* 


By D.S. Perry,t E. P. Wricut,t and F. H. GARNER.t 


SymsBors UsEp. 


Where necessary the symbols, as given in the original documents, have been 
changed to ensure uniformity. 


a, a’, A,b Constants. t Time. 

c Concentration of chain carriers. T Absolute temperature. 

Cio Original concentration of initial T, Absolute ignition temperature. 
material. 7. Absolute inlet temperature. 

Cs Concentration of initial material. U Heat-transfer coefficient. 


Cc Constant. v Fresh gas velocity. 

D Tube diameter. V Volume. 

e Base of natural logarithms. w Reaction velocity. 

Ez Energy of activation. W, Velocity of primary chain forma. 

E, Apparent energy of activation. tion, 

G energy. Wo Initial air-charge weight. 

k Velocity constant. W,  Aijr-charge weight. 

ky Velocity constant for reaction of Wy Charge weight of oxygen carrier. 
chain carrier with initial 7 Proportion of initial material 
material. transformed. 

ke Velocity constant of chain-branch- z Ignition velocity. 

: ing reaction. Z; Sum of the internal degrees of 

kp Velocity constant of chain-break- freedom of a monatomic gas. 


ing reaction. € Critical compression ratio. 

K, K, Constants. we Ratio of specific heats C,/C,. 

m Adiabatic exponent. A Excess air coefficient. 
v 


M Molecular weight. Number of quadratic terms on 


n Constant. which the energy in a molecule is 
Ni. Initial indicated power. distributed. 

Ni Indicated power. p Density. 

Pp Pressure. ) Air value. 

Po Minimum starting pressure. T Ignition delay. 

Pme , Mean effective pressure. ¢ Constant. 


R Gas constant. 


1. Poysics AND CHEMISTRY OF OXIDATION AND FLAMEs. 


A. Reaction Kinetics of the Slow Oxidation of Hydrocarbons. 


LABORATORY experiments made in Germany on hydrocarbon oxidation 
had, as their main purpose, the investigation of ignition behaviour, and 
were usually made in some form of adiabatic compression apparatus. A 
certain amount of work, however, was done in tubes and static apparatus 
on the reaction kinetics of slow oxidation or pre-flame combustion. 

The slow oxidation of normal and isoparaffins at pressures less than 
atmospheric was studied by Muffling ** in a static system. With the 





* B.1.0.8. Final Report No. 1612 (abbreviated and excluding Bibliography). 
Reproduced by permission of the Controller of H.M. Stationery Office. 

+ Department of Chemical Engineering, The University, Birmingham. 

Note.—Mr H. A. Cheetham and Mr T. L. Raine assisted in translating and collat- 
ing documents used in this report. Considerable assistance was given by both Dr J. 
Horne and Dr A. H. Nissan in connexion with translation of the documents and 
arrangements for the presentation of the report. 
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n-paraffins, hexane, and heptane, only a slight pressure effect was observed, 
although at certain intermediate temperatures the reaction presented a 
region of discontinuity—explosion occurring spontaneously on raising the 
pressure slightly. This reaction was compared with that of some peroxides 
which dissociate spontaneously above a critical pressure, but only slowly 
below it; thus a dissociation process is shown in Muffling’s experiments with 
the n-paraffins by the appearance of almost equal concentrations of carbon 
monoxide and hydrogen. 

In contrast to the n-paraffins the isoparaffin, isooctane, showed a strong 
pressure effect. Changing the pressure in the system by inert gas addition 
had a marked effect on the isoparaffin oxidation, the mechanism of which 
was therefore considered to consist of primary reaction and chain branching 
in the gaseous phase with breaking on the wall. This, together with the 
fact that oxidation was only observed at temperatures at which thermal 
dissociation occurs, suggested that the oxidation resulted from this dissocia- 
tion. In contrast, inert gas addition had little effect on the reaction of the 
n-paraffins, this and other observations indicating that with the n-paraffins 
both chain induction and breaking occurred on the walls. The appear- 
ance of oxidation at temperatures far below those of thermal dissociation 
of the molecule supported this view. 

The oxidation of two types of highly knock-resistant compounds— 
aromatics and ketones—at pressures less than atmospheric was also 
investigated using a static apparatus. 

Ketone oxidation was studied !* with methylethylketone and diethyl- 
ketone. With methylethylketone, reaction only occurred at temperatures 
greater than 430°C. Within certain time limits the reaction speed 
followed the Semenoff equation 


Oe «6 s) -62.% & ee 


and the reaction was therefore assumed to be of a chain character and to 
involve chain branching. The effect of changes in the wall surface of the 
reaction vessel indicated that it played an essential part for chain induction 
or breaking. The apparent activation energy found for the reaction was 
approximately 60 k.cal, which appeared concordant with the high knock 
resistance of the compound. Carbon monoxide and carbon dioxide formed 
in the main reaction were found to account for at least 85 to 90 per cent of 
the carbon burnt. With increasing temperature, at a constant reaction 
time, the carbon monoxide formed reached a maximum at about 495° C. 
Here the oxidation of methylethylketone was essentially completed and 
higher temperatures resulted in oxidation of the carbon monoxide. At 
temperatures greater than 520° C, explosion occurred, probably by a chain- 
thermal mechanism. The dependence of the oxidation reaction on pressure 
suggested a formula involving a minimum starting pressure :— 


em Kigp—gpyf..:+..s6s so & 


where p= po, n==1, and K is independent of temperature. In the 
pressure range used, cool flames were not observed. The effect of increasing 
the mixture strength was to displace markedly the curves to lower tempera- 
tures, and there was a considerable divergence in the calculated activation 
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energies for the different mixture strengths. Diethylketone behaved 
similarly. 

Using the same apparatus, the aromatics, benzene and toluene were 
studied.14 With benzene the temperature at which oxidation first became 
noticeable was 560°C, the reaction appearing after an induction period 
which decreased exponentially as the temperature was raised. Again the 
reaction velocity followed the Semenoff equation, but only within a very 
limited time interval; the reaction was considered to be of a chain character 
involving chain branching. For the slow oxidation, an apparent activation 
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A. Thermocouple. E. Thermocouple. 
B. Hydrocarbon. F. Auxiliary furnace. 
C. Inert gas. G. Main furnace. 

D. Oxygen gas. H. Cold water. 


energy of 62 + 6 k.cal was obtained. The slow oxidation up to tempera- 
tures of 619° C gave a pressure-time curve of asymmetrical sigmoid shape, 
and only the first development of reaction occurred exponentially. The 
asymmetrical course of the curve was attributed to the initial stages of 
the reaction resulting in the formation of carbon monoxide as a stable 
intermediate product which only underwent oxidation at the end of the 
reaction; at temperatures greater than 619°C, this carbon monoxide 
oxidation resulted in a pure carbon monoxide explosion following the 
sigmoid shaped pressure-time course. The activation energy for this 
explosive reaction was calculated to be approximately 89 k.cal. At 629° C 
a “direct ” explosion occurred without any preliminary sigmoid shaped 
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pressure-time curve, the reaction prior to the explosion following the 
exponential law. The activation energy of this “direct” explosion was 
found to be the same as that of the pure carbon monoxide explosion. The 
oxidation of benzene was found to be proportional to a power of the total 
pressure. As with the ketones, increasing the partial pressure displaced 
the oxidation curves to lower temperatures. Also, the ratio maximum 
pressure change-initial pressure was found to be a characteristic of the 
hydrocarbon partial pressure and to increase with increasing stoichiometric 
proportions. Inert foreign gases were found to aid the reaction by prevent- 
ing the diffusion of active particles to the vessel walls. Helium had a less 
marked effect than nitrogen. Both the addition of hydrogen and of acet- 
aldehyde caused a lowering of the activation energy of the benzene oxida- 
tion. Acetaldehyde in particular caused a sharp decrease. There was a 
marked change in the course of the reaction because of active interference 
of the radicals resulting from the acetaldehyde. Oxidation of toluene 
was observed to follow in a similar manner to that of benzene, with the 
reaction occurring at somewhat lower temperatures. In all the experiments 
with benzene and toluene cool flames were never observed. 

The previously described investigations were all made by the static 
method. A flow type of apparatus was, however, developed ‘ for the kinetic 
investigation of very rapid homogeneous gas reactions. The apparatus is 
shown in Fig 1, throttle valves in the inlet and exit lines permitting the 
absolute pressure in the reaction tube to be changed. In the development 
of the apparatus the following requirements had to be met :— 


(i) Concentration and ease of collection of the reaction products ; 

(ii) exclusion of wall reactions ; 

(iii) simple and definite standardization of times of reaction of 10-1 
to 10 seconds ; 

(iv) production of comparable concentration and temperature 
relationships in the reaction zone with the different reaction times. 


The first requirement was met by cooling after the predetermined 
reaction time. Wall reactions were excluded by separate heating and 
correct choice of reaction-chamber dimensions, so that the active material 
concentration at the wall could be kept negligible until the cooling zone was 
reached. For equal linear velocities of the two concentric gas streams, 
suitable dimensions were calculated to ensure that the active material 
concentration at the wall did not exceed a predetermined value. Reaction 
time was standardized by the choice of gas velocity, and was altered by 
changing the absolute pressure so that the mass velocity remained constant. 
Assuming negligible chemical heat evolution, this ensured that the relative 
temperature and concentration fields would remain unaltered. Both these 
fields depend upon three dimensionless numbers which remain constant 
when the mass velocity is constant even though the pressure varies, pro- 
viding the free path of the gas molecules is small in comparison with the 
vessel dimensions. 

The complete apparatus was never used because of the inadequacy of 
existing methods of analysis, but a model apparatus, for experimental work, 
was constructed according to the calculated dimensions. In this model 
apparatus provision was made both for sampling and determining the 
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temperature at any point in the reaction zone. It was found that with 
different stream velocities the concentration profile remained unchanged, 
particularly in the region of greatest chemical change. Also, although 
widely different temperatures prevailed over the whole reaction zone, the 
temperature altered but little in the region of greatest chemical change; 
thus, investigations under isothermal conditions were possible, provided 
the heat liberated locally was slight. Experiments were made in the model 
apparatus on the effect of increasing the velocity of the inner gas stream so 
that the two gas streams entered at speeds considerably different from each 
other. In this particular apparatus, concentration of material at the wall 
of the reaction zone remained negligible until the inner stream velocity 
reached -1500 cm/sec. Under atmospheric pressure this meant that the 
heating time could be reduced to 2 x 10 sec, and even shorter times 
were possible under vacuum. So the apparatus could be used to investigate 
systems initially containing thermally labile materials, like tetraethy] lead 
or peroxides. Methods were given by Damkéhler and Sander * whereby 
for a homogenous gas reaction the reaction order and the apparent heat of 
activation could be directly determined in the complete apparatus (Fig 1). 
In order to determine the absolute value of the velocity constant of the 
reaction, however, measurements of relative concentrations have to be made 
in the model apparatus for a particular type of reaction chamber to allow 
the calculation of an integral for the entire reaction zone. 

The method of sound dispersion has been suggested,® as an alternative 
to spectroscopy, for the determination of reaction kinetic data. It was 
assumed that it would be applicable in the high-temperature region to study 
dissociation reactions of between 2 x 10-* and 1 x 10° sec, such as those 
occurring in flame and detonation fronts. The procedure would be to deter- 
mine experimentally at constant temperature and pressure, the frequency 
function of the sound velocity or of the amplitude damping constant. 
Then from a general expression derived for the differential adiabatic 
Op 
oV 
type and number of dissociation reactions, the real adiabatic exponent and 
phase angle can be calculated by using assumed values for the forward- 
and reverse-reaction velocities. Theoretical curves can then be calculated 
for velocity or amplitude damping constant as a function of frequency. 
The curves comparing best with the experimental curves would be those 
obtained using correct values for the reaction velocities. The method is 
without ambiguity only if one dissociation equilibrium moves in the sound 
wave. Otherwise, a method employing successive approximations must 
be used. Moreover, only the forward and reverse velocities of the overall 
reactions are given, additional hypotheses being required to deduce the 
elementary reaction velocities. 


exponent m = = ( ) in dissociating gases, which is valid for any 


B. Ignition Delay. 


Extensive laboratory experiments have been made on the self ignition 
of hydrocarbons because of its importance in relation to knock in the spark- 
ignition engine and the ignition reactions in the diesel engine. A number of 
types of adiabatic compression apparatus, giving rapid compression of the 
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gas mixtures, have been used to obtain the ignition delay with the elimina- 
tion, as far as possible, of its thermal predecessors. The end of the ignition 
delay period has been determined either by the first appearance of luminosity 
or by the onset of rapid pressure rise. F. A. F. Schmidt * has pointed out 
that some of the diversity in the results probably arises from this use of 
different methods of measurement, particularly where pressure is relatively 
low with long delay in ignition and slow burning in the initial stages without 
any violent pressure rise. It has been sought, by Zeise,*® to make a 
distinction in the ignition delay between the slow initial-reaction process 
and the subsequent spontaneous ignition. 

(a) Factors Influencing Ignition Delay ; in Particular Temperature and 
Pressure Effect. From measurements made in an adiabatic compression 
apparatus, the variation of ignition delay with changes in mixture strength 
and pressure was thought by Jost, Régener, and Weber *° to be solely an 
indirect effect caused by variations in temperature produced by these 
changes. Results obtained by F. A. F. Schmidt,*® both in a bomb and 
in an adiabatic compression apparatus, indicated, in agreement with 
deductions made from engine tests, that in the temperature and pressure 
range occurring in the engine there is a marked direct pressure effect. 
Evaluation of the ignition-delay results was obtained, for a limited tempera- 
ture and pressure range, by the equation 


eit 
t= or eae ae ae 
this equation being an altered form of the expression 
oa See) fe eee, wt, ee 
r ‘ 


Much experimental evidence was cited by Zeise ** to show that the reaction 
mechanism in ignition processes depends both on the temperature and 
pressure range involved. Zeise concluded that it is impossible to cover the 
whole temperature and pressure range for a given fuel with the same values 
of E and n. The reaction mechanism will vary from range to range with 
E and n, this variation having a general character of which two limiting 
cases are 


a 
P 
Sy -  a e 


From theoretical considerations Zeise showed that a pressure effect would 
be expected in certain regions. Thus if at an assumed constant pressure, 
the activation energy of a reversible chemical process in ignition is replaced 
by the variation of the free energy, equation (6) leads to 


eu Eger . wwe tw ie SS 
The free-energy change, however, is dependent on the pressure, since, for 
example, with an ideal monatomic gas as reactant 


OY sheet e ° 
a pet = 7267 —3 Rin? — 5 Rin — RinZj + Rinp - (7) 
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Often, also, in ignition processes the energy is distributed on more than 
two quadratic terms, i.e, v > 2. So to determine the real activation 
energy the modified Arrhenius equation 


dink E —(1/2v —1)RT 8 
oF = peel el 
must be used. The apparent activation energy, which would be obtained 
from ignition-delay measurements if the simple Arrhenius equation were 
valid, is related to the real activation energy as in the equation 
Ba BE, + (i —-YRP 2... 6 oe 

Thus various values of Z can be obtained from one value of E£,, according 
to the temperature and number of degrees of freedom involved. The latter 
will depend on temperature, pressure, and prevailing reaction mechanism. 
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Ignition-delay tests made in a bomb by Lonn*® showed that with 
nitrogen-oxygen mixtures it was primarily the oxygen partial pressure that 
determined the delay. He also showed that the effect of the addition of 
lead tetraethyl was to increase the delay, the effect being relatively greater 
at low pressures. F. A. F. Schmidt “® using a compression apparatus 
showed that ignition delay is increased by the addition of tetraethy] lead, 
although the main properties of a fuel as regards the pressure and tempera- 
ture effect on the process remain unchanged. 

(b) The Delay in Ignition of Fuel Sprays. The commencement of com- 
bustion of fuel sprays was theoretically considered by Dreyhaupt,!® who 
based his considerations on a typical individual fuel droplet. 

Initially, the fuel droplet being brought into the hot air in a short finite 
time will be surrounded by very little vapour. Thus, as shown in curve (1) 
of Fig. 2, there will be a steep rise in temperature with increasing distance 
from the droplet surface. 
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Later the temperature course flattens out because of vaporization from 
the surface of the droplet, see curves (IT) and (ITI). 

Curve (Ia) represents the temperatures necessary for ignition of the fuel- 
air mixture under the initial conditions shown in curve (I). Similarly, 
curves (IIa) and (IIIa) correspond to conditions in the later stages, as shown 
in curves (II) and (III). It is not until the third stage that the fuel- 
vapour-temperature curve (III) touches the ignition-temperature curve 
(IIIa) and ignition ensues. Thus a slightly higher temperature is needed 
for ignition of the fuel droplet than that required for ignition of the most 
ignitable mixture. 

Progressive combustion of the fuel droplet depends on diffusion processes 
for the supply of oxygen. Heating, evaporation, and diffusion of the 
residual droplet is accelerated by the release of reaction heat from the 
ignition zone. Dreyhaupt gives mathematical and graphical ways of 
obtaining the heat required by any fuel droplet for any interval of time up 
to the actual ignition of the droplet. These considerations allow for the 
variation in mixture strength at different distances from the droplet surface, 
and also for the gradual reduction in droplet size as evaporation occurs. 
Lack of data on fuel properties and engine conditions, however, makes the 
results only qualitatively accurate. 

An interesting conclusion from these considerations of the initiation of 
combustion of a fuel droplet is that if the individual fuel droplets in a spray 
are too small, ignition will not occur. The droplets will have completely 
evaporated before reaching the ignition temperature. Referring to Fig 2, 
vaporization will be complete and the vapour congentration at the former 
position of the residual fuel droplet surface will start to decrease before 
the fuel-vapour-temperature curve touches the ignition-temperature curve. 
The decrease in vapour concentration will result in a reversal of the move- 
ment of the ignition-temperature curve, so making ignition impossible. 

The author shows that very large drops in the centre of a fuel spray 
may have insufficient air to support combustion; and, in the centre of a 
spray, the mass of oil in relation to the mass of air may be such that the 
drops are cooled so as to be non-ignitable. ‘ 

The fuel-spray envelope must contain some droplets of molecular 
dimensions, nevertheless the ignition delay-time is of a much greater order 
of magnitude than the impact time for the fuel molecules. It therefore 
appears that a certain droplet size is necessary for ignition. 

The ignition and combustion of fuels injected into a bomb were studied 
by Blume! by means of high-speed photography and pressure measure- 
ments. Using gas oil, injected through commercial nozzles, ignition delays 
of approximately 2 x 10° sec were obtained at temperatures of 
500° C and pressures of 35 atm. Photographs showed that only a small 
proportion of the fuel spray had evaporated at the moment of ignition. 
Using a flat-seated nozzle, ignition occurred nearer the nozzle, and the delay 
period was shorter because of the better mixture formation. The com- 
bustion speed was calculated from the observed pressure rise in the bomb, 
and the duration of the ignition delay was found markedly to affect the 
course of combustion. As ignition delay decreased, the maximum pressure 
attained also decreased and the combustion speed became more even over 
the entire combustion period. An increase of the air temperature reduced 











714 PETTY, WRIGHT, AND GARNER: 


the ignition delay, but increased the total combustion time. This was 
attributed to poor mixture formation in the later stages of combustion 
because of insufficient turbulence in the bomb. 

The effect of fuel sprays striking the walls was also studied. Gasoline 
was reflected from the wall surface. This was attributed to the gasoline 
being in the form of a liquid rod or stream in consequence of the low air 
densities employed. Diesel fuel differed, since atomization gave a spray 
behaving more nearly like a saturated vapour. This spray maintained its 
form after collision with the wall and travelled parallel to the wall surface 
instead of being reflected. Diesel fuel thus only reached the wall in special 
circumstances, and could be completely prevented from doing so by main- 
taining the wall temperature above 550° C. 

A jet striking the wall had a smaller ignition delay than a non-striking 
jet. The ignition delay for a striking jet decreased with increase of wall 
temperature, until at about 700° C the delay was approximately half that of 


“ 


PRESSURE 














TIME 
Fie 3. 


a non-striking jet. The total combustion time for a striking jet increased 
with increasing wall temperature and was about 30 per cent greater than 
that of a non-striking jet. This was because the striking jet was unable to 
expand on the wall side. 

(c) The Reaction Mechanism in the Ignition Process. The spontaneous 
combustion of pure hydrocarbons by adiabatic compression was studied by 
Jost and reported in B.I.0.8. Final Report No. 532. For such reactions he 
obtained pressure-time traces of the type shown in Fig 3. In his con- 
siderations of such a curve, Jost assumed that very little chemical change 
occurred, and so the increase in the number of molecules in the system was 
slight. Thus the value of the absolute temperature could be calculated 
from the pressure, and dp/dt taken as a measure of the rate of temperature 
rise d7'/dt. The first delay period could be approximately represented by 
an exponential temperature function. Assuming the action during this 
delay period to be purely thermal, the rate of heating would be given by 
the equation ; 

Tea Cr... wk tt, 


Jost calculated d7'/dt for different values of ¢t from an experimental curve, 
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and so obtained values for tan « = tan d7'/dt. Consecutive values of tan « 
did not, however, bear the same relation to each other as the corresponding 
values of e”/87, when a reasonable value of Z, was used. 
Thus he concluded that in the first induction period a 
chain, and not a thermal reaction, was proceeding. He 
also concluded that the rate of change of reaction velocity 
with temperature in the region c-d was far too great to be 
accounted for by a thermal mechanism. For the evalua- 
tion of the second delay period, development of the true 
value of the rate of the primary reaction and use of the 
hypothetical final level for this reaction enabled the 
dotted curve for the second part of the primary reaction 
to be drawn in Fig 4. Thus, two possibilities arise :— 


PRESSURE 








Time =" 
Fia 4. 


(I) If the analysis which allowed the second part of the primary 
reaction to be drawn, as in Fig 4, is accepted, the conclusion is reached 
that chain breaking occurred at the end of the primary chain reaction. 
Also a secondary reaction occurred partly overlapping the primary 
chain reaction. This secondary reaction could have been of a thermal 
nature, although Jost favoured the concept of a chain mechanism. 

(II) Otherwise, a reaction velocity with negative temperature co- 
efficient becoming zero at the point of inflexion was indicated by the 
course of the pressure rise. This reaction, which would follow 
immediately after the velocity maximum (first point of inflexion), 
was considered by Jost to be unlikely. 


B.1.0.8. Final Report No. 532, referring to an interrogation of F. A. F. 
Schmidt, gives a diagram of a pressure-time plot obtained by him in an 
adiabatic compression apparatus. In this diagram the appearance of two 
separate delay periods is not evident, but in the delay period that does 
appear, there occurs a slight pressure rise corresponding to a temperature 
increase. This is probably the result of exothermic reactions of both the 
thermal and chain types proceeding during the delay period. The fact 
that when evaluating the delay periods by an equation of type (3) the 
value of n generally lay between 1 and 2 was thought to indicate that 
several reactions were proceeding simultaneously. 

Further evidence for occurrence of chain reactions in the ignition process 
was furnished by Zeise 5° who evaluated some results obtained in an adia- 
batic compression apparatus on the basis of his previously mentioned sub- 
division of the ignition delay into a slow pre-reaction period followed by the 
true ignition reaction. The slow pre-reaction period gave a linear log t 
vs 1/T graph, the gradient of which gave activation energies of the order 
of those found in the kinetics of reactions with free radicals. 


C. The Mechanism of Explosive Gas Reactions. 


In the reaction theory of N. Semenoff, the criterion of an infinite reaction 
speed for explosive conditions in a chain-branching reaction leads to the 
conclusion that both branching and breaking must be first-order reactions. 
The assumptions, however, of a stationary condition and constant-branching 
probability used as a basis for Semenoff’s calculations do not correspond to 
conditions in practice. 
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Muffling,** therefore, considered the general differential equation for the 
time change of concentration of chain carriers 
dc 
T= Mo +khoe—f(e) . . « «© «© (12) 
In this equation the speed of chain branching is proportional to the con. 
centration of the starting material and that of the chain carriers. Using 
as a basis equation (12) and the equation 


— de; 
a = Ace - 80 ae ee 


he investigated the time factors of theoretical reactions having chain 
breaking of the first, second, and simultaneous first and second order, i.e., 
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Calculated transformation-time curves and reaction velocity—time curves for 
first order breaking are shown in Figs 5 and 6, respectively. 
The differently shaped curves were obtained from different values of kg, 
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the velocity constant of the chain-breaking reaction. Similarly calculated 
curves for second-order breaking are shown in Figs 7 and 8, and are of a type 
that had been frequently observed in oxidation reactions (e.g., Fahlbusch, 
loc. cit.), although an explanation was previously lacking. Thus, from the 
experimental curves, it appears possible to make a conclusion as to the order 
of the chain-breaking reaction. From the calculations with first- and 
second-order chain-breaking processes, making certain assumptions about 
the pressure influence on the different chain-breaking processes, an 
explosion-limit curve was calculated with the upper and lower limits 
typical of a chain explosion. 
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Muffling considered that it was difficult to determine if explosion occurred 
with strictly or almost isothermal transformations, and it was therefore 
best to use the term “ explosion ” only when transition into heat explosion 
occurred. Explosion is usually taken to mean the complete consumption 
of the reactants in a very short time, but in first-order breaking reactions 
100 per cent transformation only occurs if there is no chain breaking ; 
since, as seen in Fig 5, the transformation depends on the ratio k,¢j, : kg. 
This difficulty does not occur in reactions involving second-order chain 
breaking since these reactions never quite come to a standstill. The 
velocities reached are of the same order as in reactions with first-order 
breaking, and are often sufficiently high for the processes to be considered 
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as explosions, particularly as where second-order chain breaking occurs 
conditions favour a thermal explosion. 


D. Flames. 


Hubner and Klaukens **: 3 derived an indirect method for determining 
the true thickness of the luminous zone of the inner cone of a bunsen. 
burner flame, from the measurement of the intensity distribution of a 
photograph of the flame. The zone width observed depends upon the 
radial distribution of luminous intensity in the flame, and although the 
distribution of luminous intensity in a photograph is not the same as this 
true radial distribution it was found to be similar. 

Stationary flames and explosions at low pressures were studied ™ using 
acetylene-oxygen, acetylene-argon-oxygen, acetylene-air, propane-air, 
pentane-air, and benzene-air mixtures. Both forms of combustion could 
be obtained down to the pressure limits imposed by the experimental 
equipment (3 to 4 mm Hg for acetylene mixtures). Tube diameter and 
gas flow had to be increased, however, as the pressure was lowered. The 
limiting pressure for stationary flames varied inversely with the tube 
diameter. 

At very low pressures the thickness and volume of the luminous cone of 
the flame were reported to be considerably increased. Sander, however, 
considers that the volume and thickness only appear to increase because of 
oscillations of the flame. 

Spectroscopic investigations have been made on the flames which 
originate from the reaction of atomic oxygen with acetylene or methyl- 
alcohol.18 With methanol it was found that the hydroxyl groups already 
present in the alcohol played no part whatsoever in the hydroxyl emission 
spectrum. With the acetylene flame, the weak bands occurring between 
3000 and 4000 A, which von Vaidya had attributed to the HCO radical, 
were investigated. The emission spectrum of C,D, was also studied; 
since in this spectrum the von Vaidya bands were displaced and altered in 
intensity, it was assumed that the band carrier contained hydrogen. 

These ‘‘ hydrocarbon flame bands” were also reported ** to have been 
quite clearly observed in the emission spectrum of the flame in a diesel 
engine. In a spark-ignition engine Zeise * observed that in the decrease 
of intensity of the OH bands at 3064 A when knock occurred, only part of 
the fine structure (rotational lines) near the band head disappeared. The 
intensity of the lines farther away from the band head was not decreased 
so much. This phenomenon was attributed to an induced predissociation 
of hydroxy] radicals by collision, a process which would be of importance in 
furnishing chain carriers for pre-flame reactions. . 

Further information on the reactions occurring in flames is given in 
B.1.0.8. Final Report No. 532. In diffusion flames of rich mixtures of 
hydrocarbons burning in air, cracking occurs with the formation of carbon 
particles, and the location of the cracking zone depends on the stability 
of the hydrocarbon. Thus benzene breaks down on approaching the 
flame front and the carbon aggregates do not penetrate the front, but are 
carried upwards and discharged from the tip of the flame. Acetylene, being 
more thermally stable, is partially decomposed in the burning zone, and the 
carbon, having a relatively slow burning rate, is, for the most part, dis- 
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charged from the outer boundary of the flame. Formation of hydrogen 
in the cracking process results in flame disturbance. At very high flame 
temperatures, of the order of 8000° C, dissociation of fuels is reported *’ to 
cause the formation of NO and CO instead of water and carbon dioxide, 
as in combustion at lower temperatures. 

The effect of turbulence on the ignition velocity of a coal gas-air mixture 
has been investigated in vertical and horizontal tubes.“ Using spark 
ignition, the flame velocity in the direction opposite to that of the gas flow 
was measured by ionization gaps. Both with increasing fresh-gas velocity 
and tube diameter the ignition velocity increased, but not as an explicit 
function of the Reynolds’ number. The ignition velocity, however, was 
affected by the flow conditions inside the tube. From the experimental 
results two equations were derived for the ignition velocity—one for 
laminar and the other for turbulent flow. 


Laminar flow z = (32-5D + 2:375)v®#®. 2. . =. (17) 
Turbulent flow z = (42-1D + 1-963)v®5. . . . (18) 


Turbulence cannot be characterized by one quantity; and Damkéhler ? 
attributes the differing influence of turbulence on flame speed to the size 
of the turbulence eddy (equivalent to the Prandtl mixture path) relative to 
the laminar flame thickness. Eddies are classified as coarse or fine, depend- 
ing on whether they are greater or less than the flame thickness. 

Flame velocity was shown * to increase considerably with the onset of 
fine spherical turbulence, and to result in distribution of the flame front 
over a wider zone, so increasing the burning rate. 

Using propane-air mixtures E. Schmidt et al.5* studied the influence of 
turbulent movement of gases on their combustion rate. Flame and 
Schlieren photographs were taken of the combustion inside a long steel 
tube fitted with glass windows. With the combustion tube closed at one 
end, the flame velocity when the gas mixture was ignited at either the 
closed or open end was found to be altered by vibrations and turbulent 
motion of the gas inside the tube. When the combustion tube was closed 
at both ends, however, ignition of the propane-air mixture at one end of the 
tube gave a flame, the velocity of which was mainly influenced by pressure 
and temperature changes. 


2. CoMBUSTION IN SPARK-IGNITION ENGINES. 


The most important and widely studied phenomenon of combustion in 
spark-ignition engines is that of knock. One report *? describes it as 
occurring in a finite time range of approximately 10“ sec. The 
knock oscillations run back and forth in the combustion chamber as 
pressure waves of great amplitude, the steepness of which depends on the 
form of the combustion chamber. Although the primary wave of the knock 
oscillation is usually equal to that of the self oscillation of the chamber, 
oscillations of a higher order can be stimulated. The apparent pressure 
propagation speed is about 950 m/sec, and at strong knock the extent of the 
knocking zone may amount to several cm. The amplitude spectra of the 
knock shocks, even at frequencies of several 10,000 Hertz, still show 
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amplitudes of some atmospheres, so that the knock disturbance may be 
explained as cavitation phenomena. 


"A. Cause of Knock. 


Knocking results from the combustion of the residual charge, and the 
cause of this combustion has generally been attributed to spontaneous 
ignition. Dreyhaupt® considered the possibility of other causes. He 
concluded that the formation of knock oscillations, without pressure increase, 
by resonance of the self oscillations, was highly improbable as was also the 
postulation of detonation to explain knock. He did not exclude, however, 
the preparation of the uninflamed charge by shock waves. 

The pre-reactions which determine the residual charge have been studied ** 
in an externally driven engine, without ignition. The temperature increase 
of the mixture during passage through the engine was taken as a measure 
of the pre-reactions. These were shown to depend markedly on tempera- 
ture and induction time. A strict relationship between octane number and 
the pre-reactions was only found in chemically similar fuels. Raising the 
octane number by lead addition generally, but not invariably, caused a 
marked decrease in pre-reactions. It was observed that in some indicator 
diagrams a marked hump near T.D.C. occurred at every alternate cycle. 
This was assumed to be due to some residual gas being mixed with the 
fresh charge. Thus gas containing end products of pre-reactions would 
probably inhibit such reactions in the fresh charge, whilst gas containing 
products of prematurely interrupted pre-reactions would probably promote 
further reaction in the new charge. The action of residual gases will vary 
with the mixture strength, and lean mixtures will probably have a mainly 
thermal effect. Analysing some of the products of these pre-reactions 
Damkéhler and Eggersgluss* found the ratio of higher aldehydes to 
formaldehyde. This was such that, assuming the higher aldehydes were 
formed by progressive degradation, the formaldehyde must have been 
produced by a different process, probably by radical chains. 

The methods available for the quantitative determination of aldehydes 
in gasoline have been compared by Widmaier.** He concluded that of the 
usual recognized methods the hydroxylamine hydrochloride method is the 
most suitable as the others give results that are too low. From experi- 
ments in which butylaldehyde and benzaldehyde were added to leaded 
and unleaded gasolines he concluded that the effect on the anti-knock 
value of the gasolines by the aldehyde group in these compounds was very 
small. The main effect could be attributed to their molecular structure. 

Similar experiments made with peroxides *” showed that both their active 
oxygen content and their molecular structure greatly influenced the octane 
rating of a gasoline. A comparison of the stannous chloride method and 
the thiocyanate method for determining peroxides in gasoline, favoured the 
latter. 

The absence of a method of determination which is specific for any one 
peroxide or group of peroxides led to an attempt by Eggersgluss 1" to effect 
group separation by chromatographic adsorption. Six groups of peroxides 
were studied in experiments made using various solvents and adsorbents. 

The various peroxide groups each showed a characteristic behaviour, 
and the adsorption was primarily dependent on the kind of polar group 
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present in the peroxide. It was claimed that it was a practical possibility 
to devise a method, involving suitable combinations of adsorbents and 
solvents, to separate an unknown mixture of peroxides into the various 
peroxide groups. 


’ B. Prevention of Knock. Phenomena Occurring with High Valve Overlap. 


In his previously cited paper, Dreyhaupt ® suggests the astatic fading 
out of the pressure rise resulting from the spontaneous ignition of the 
residual gas as a means of counteracting the obnoxious effects of knock. 
Shaped piston crowns may function as knock oscillation dampers as well 
as hindering any shock waves which originate from the primary flame. 
He also draws attention to the large compression ratios permissible in 
sleeve-valve engines, presumably because of the absence of hot spots likely 
to cause glow-ignition knock. 

Tetraethyl lead was almost exclusively the only anti-knock material 
used in practice. It was usually limited to a maximum of 0-12 per cent vol. 
At one time the question of raising the anti-knock value of 87-octane- 
number gasoline to 100 octane number, by the addition of methylaniline 
and by increasing the content of tetraethyl lead to 0-16 per cent vol, was 
considered.5* It was not found practicable, however, because of valve 
corrosion, etc, caused by the increased lead concentration. 

Some experiments have been reported °° in which a fluid of the com- 
position :— 


Gasoline . . . . 5O per cent 
Ironcarbonyl . . 40 Zo 
Methylaniline . . 10 = 


was added to fuel to give a concentration of 0-05 per cent of iron carbonyl. 

Other methods, besides the addition of anti-knocks, were used in 
Germany to limit knocking. It is reported > °* that coating the piston with 
fine colloidal graphite gave quite good results in preventing knock. With 
highly supercharged engines the D.V.L. distributed injection method 
was used, in which the bulk of the fuel was injected during the compression 
stroke and the combustion period. This resulted in a flattening and 
considerable raising of the knock-limit curve, particularly with lean 
mixtures. Increases of mean effective pressure of 2 to 4 kg/cm * have been 
reported.?¢ 

Considerable research was made on the knock behaviour of fuels in 
engines with large valve overlap. The general effect of valve overlap in 
raising and flattening the knock limit curve was fully appreciated by the 
Germans. Valve overlaps as great as 120° were used in some aero engines 
and enabled very good weak-mixture performance even with highly 
aromatic fuels. 

The advantageous effects of valve overlap resulted from scavenging of the 
residual gases and cooling of the cylinder walls, valves, etc. Use of high 
valve overlaps, however, introduced the problem of how far it was possible 
to apply the knock-limit curves obtained by the D.V.L. supercharge- 
testing method to main engines with large valve overlaps. Often, instead 
of the conventional knock-limit curve, with its minimum near stoichiometric 
mixture strength, a knock-limit curve was obtained with its minimum 
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far in the rich region. Although most experiments, in which this type of 
curve was obtained, were made with the DB 601 engine, it was recognized 
that such a curve is not necessarily a characteristic of or peculiar to liquid. 
cooled engines. Indeed, Penzig,* in his experiment using the DB 60] 
engine with a valve overlap of 113°, seldom observed such curves. 

The knock limit curves having their minimum in the rich region were 
also found to have a reverse temperature sensitivity ; t.e., knock-free 
performance was actually improved by raising the boost-air temperature, 
With highly aromatic or alcoholic fuels the phenomenon of a knock-limit 
curve minimum in the rich region was not observed. 

Franke '* has explained the formation of the knock-limit curve with its 
minimum in the rich region, and allied phenomena, by invoking Callendar’s 


KNOCK LIMIT CURVES OF C, + 0-08% LEAD nanan PARAFFINIC FUEL—MOTOR 0.N., 
97) wiTH 40° VALVE OVERLAP IN DEPENDENCE ON THE EXCESS AIR RATIO, CHARGE 
PRESSURE AND CHARGE AIR TEMPERATURE. SPEED, 1900 R.P.M.; IGNITION, 35° 
B.T.C.; COMPRESSION, 6°5:1; VALVE OVERLAP, 40° CRANK ANGLE. 


theory for the formation of peroxides on droplets. In the DB 601 engine 
the mixture formation had been reported 1° to be poor. This poor mixture 
formation would result in the formation of unvaporized fuel droplets 
increasing in proportion with increase in the mixture strength, and these 
droplets in most instances would be conducive to peroxide formation. Due 
to this peroxide formation the knock-limit curve would be expected to 
decline continuously as the mixture is enriched. The conventional type of 
knock-limit curve would be expected with aromatic and alcoholic fuels, 
since aromatics are little affected by peroxidation in the presence of 
droplets; and alcohols, although easily peroxidized, require very little 
energy of activation for further oxidation. Their resulting products of 
oxidation do not lead to rapid reactions which can produce knocking 
because of their low energy of dissociation. The reversed temperature 
effect is readily explained; the increase of the temperature will hinder 
droplet formation, and thus the knock-limit curves will be raised and their 
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minima displaced further into the rich region. Indeed, above a certain 
temperature no droplets will appear for a certain range of mixture strength, 
and so a minimum will appear around the stoichiometric mixture strength. 
A second minimum, however, will appear in the extreme rich region. 
Fig 9 is a three-dimensional representation showing how the knock-limit 
curve is influenced by this effort of temperature on the mixture formation. 

It was shown by Frankie !* that with regard to the characteristics of the 
knock-limit curve, neglecting the position of the curve, a relationship 
existed between boost-air temperaure and valve overlap. Thus, as far as 
the shape of the curves is concerned, the effect of valve overlap can be 
compensated by a corresponding alteration of the boost-air temperature. 
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VARIATION OF THE KNOCK RESISTANCE AT THE MINIMA IN THE KNOCK LIMIT CURVES 
(A= 1-05) wirH CHANGE IN THE VaLvB OVERLAP AT A CHARGE AIR TEMPERA- 
TURE OF 190° c; SPEED 1900 R.P.M.; IGNITION, 35° B.T.C.; COMPRESSION, 6-5: 1. 

Fuel A. VT 702/1 + 0-12% B.T.A. Leaded coal hydrogenation gasoline (Motor 

O.N., 8 


” 


. ). 
B. Bi/BO. Benzol blend (Motor O.N., 88-5). 
C. Bi/Alk. Alcohol blend (Motor O. N., 88). 
D. VT 706b/707. Blend of two gasolines (Motor O.N., 75). 


As would be expected, the temperature change required to compensate for 
additional increase in valve overlap is smaller than that required for the 
first increase, since once scavenging is complete, increase of valve overlap 
has a smaller effect in reducing internal thermal stress. 

In the same paper were reported a series of tests made to ascertain the 
influence of valve overlap on the anti-knock value of fuels; #.e., on the 
position of the knock limit curve. These tests were made at high boost-air 
temperatures, so that in all cases a minimum occurred near stoichiometric 
mixture strength. This facilitated comparison of results. Fig 10 shows 
the change of the knock limit at the minimum with varying valve overlap. 
Due mainly to the decrease in internal thermal stress, it is seen that the anti- 
knock value of all fuels tested increased up to 80° valve overlap. The 
effects of further increase in valve overlap were irregular, in spite of the fact 
that thermal internal stress must have been further decreased. The anti- 
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knock value of the fuels with high thermal sensitivity, t.e., benzol and 
alcohol blends, actually decreased. This outweighing of the effect of 
decrease of internal thermal stress was attributed to the fact that with 
these fuels, residual gases favourably affect the kinetics of reaction influenc. 
ing the knock behaviour. Thus increased scavenging reduced the residual 
gas quantities until they were no longer of any importance, and so their 
favourable influence on the knock limit was lost. Whether or not decrease 
of internal thermal stress outweighed the loss of residual gas was dependent 
on the type of fuel. 

In a later paper Franke }’ described a series of tests to ascertain if 
correlation with ratings by the D.V.L. supercharge method could be obtained 
from ratings from knock-limit curves having their minima in the rich 
region. These tests were made on numerous fuels of differing chemical 
constitution, in the BMW 132 N, DB 601 A, and DB 601 E engines. 

Use of two valve overlaps (40° and 120°) with the DB engine gave the 
two types of knock-limit curves, from which it could be seen whether any 
variation in rating was due to difference in engines or solely to the different 
shapes of the knock-limit curves. Knock-limit curves obtained from 
values of the mean effective pressure were completely temperature insensi- 
tive in the rich region when low-aromatic-content fuels were used. Thus 
the knock-limit curves were plotted using absolute boost-air-pressure values. 

Three graphs were plotted :— 


(I) Minima of the knock-limit curves for the various fuels at \ = 
1-05 for the DB 601 A vs those for the BMW 132 N. (dA = excess air 
coefficient.) 

(II) Anti-knock values at » = 1-05 for the DB 601 E vs the minima 
at the same 4 for the BMW 132 N. 

(III) Minima (in the rich region) for the DB 601 E vs the minima at 
A = 1-05 for the BMW 132 N. 


With a few exceptions the ratings seemed superficially to be in good 
agreement. For the results obtained from the two engines to be in complete 
agreement, however, it would be necessary for the graph curves to be straight 
lines passing through the origin at 45°. Although this was approximately 
true in one graph, others differed in slope. Each difference in gradient 
results in the requirement of a different constant for the conversion to the 
BMW 132 N values. Thus it was evident that fuel rating by determining 
the anti-knock values according to the D.V.L. supercharge method in the 
BMW 132 N engine could not be used for engines with knock-limit curves 
of different characteristics. Two engine types were recognized—the one 
where the anti-knock value of fuels rose with increasing boost-air tempera- 
ture, and the other where it fell. It might be possible to choose a tempera- 
ture where test and theoretical curves agreed, but this would not permit 
the fuel rating in one engine type to be applied to the other engine type. 
It was found that, quite accidentally, the value of 130° C for the boost-air 
temperature of the D.V.L. supercharge test gave a good agreement between 
the anti-knock values in the DB 601 E and BMW 132 N, provided only the 
value at 4 = 1-05 was considered. 

It was concluded that where only a general evaluation of the anti-knock 
value of any fuel was required, the normal D.V.L. supercharge method with 
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the BMW 132 N cylinder could be used. Even for this purpose, determina- 
tion of the order of rating for fuels in engines giving knock-limit curves 
differing from those obtained with the BMW 132 N cylinder is only per- 
missible for fuels with a low aromatic content. Coripared with the 
DB 601 E cylinder, the BMW 132 N cylinder underrated gasoline—benzol 
blends, but, surprisingly enough, rated mixtures with a high isopropyl- 
benzene content too favourably. For the temperature characteristics and 
the extent of the knock region, however, it is essential to test the fuels in 
engines which give knock-limit curves of a similar kind over the whole 
operating range. 


C. Power Boost. 


Over a period of four years nitrous oxide was extensively used as a 
means of temporarily boosting engine power at high altitudes. At first 
it was used liquefied under pressure at atmospheric temperature. This 
method gave somewhat erratic running since pressure altered with the 
external air temperature and with vaporization. Later super-cooled, 
pressureless nitrous oxide was used, which allowed larger quantities to be 
carried and effected an improvement in the specific performance due to 
increased internal cooling. In spite of the wide use of nitrous oxide for 
boosting power, C.I.0.8S. Report No. XX XII—44 mentions the tendency to 
look upon it solely as a makeshift for a good supercharger and internal 
cooling. 

The basic problems involved in the use of oxygen carriers such as nitrous 
oxide were considered by Lutz.2® His calculations were based on the fact 
that whilst boosting the power, the alteration of indicated power results 
from the change in the charge weight due to the injection of the carrier, and 
the energy content of the latter, according to the equation 

AN; _ A W;, bWy 
Nio Wio Wio- 

The “air value” is a complex quantity depending, amongst other 
things, upon the extent of vaporization of the oxygen carrier. The other 
factor in equation (19), namely the charge weight change, depends on :— 


(19) 


(a) The influence of the blower due to the change in boost pressure. 
(6) The change in boost-air temperature because of the mixture 
effect. 


It was shown that as regards these influences both the latent heat of 
vaporization and the extent of vaporization of the oxygen carrier are very 
important. Thus the absolute oxygen content of the carrier is not the only 
factor determining its suitability. 

From its effect on the weight of air charge by reason of its great heat of 
vaporization and its “ air value,’’ hydrogen peroxide would, if completely 
vaporized, even outstrip oxygen in the increase given in indicated power. 
Complete vaporization, however, would be impossible since cooling of the 
boost air would be too great for the process to be controllable, and at the low 
temperatures involved, hydrogen peroxide would become solid. The use of 
hydrogen peroxide as a carrier is thus excluded, and knocking and corrosion 
factors, etc, limit the only practicable oxygen carriers to nitrous oxide and 
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oxygen. Both liquid nitrous oxide and liquid oxygen are readily vaporized, 
Liquid nitrous oxide has the advantage that because of its high latent 
heat of vaporization there is a higher absolute rise of output for the same 
thermal stress on the engine than is possible with oxygen. The specific 
output gain of liquid nitrous oxide, however, is only 60 to 75 per cent of 
that which is available from liquid oxygen. 

Lutz, therefore, defined two ranges of application of these oxygen 
carriers. He suggested that for large gains in output over short periods 
nitrous oxide should be used, whilst for smaller gains in performance over 
longer periods, oxygen is best. 

The high thermal loads encountered when operating with nitrous oxide, 
as compared with normal operation, could be countered by increasing the 
amount of fuel injected. The same effect could be obtained by using a 
nitrous oxide-alcohol combination, with or without water spraying. 
This also allowed a greater increase in output. Alcohol or water-alcohol 
mixtures require an ignition advance, whereas the quick pressure rise, 
when nitrous oxide is used, makes a retarded ignition desirable. It was 
expected,*? however, that with simultaneous injection of nitrous oxide and 
alcohol no special ignition timing would be necessary. 

The importance of place of injection of nitrous oxide on the possible in- 
crease in output was investigated by F.K.F.S.2!_ As was expected, injection 
in front of the blower resulted in a higher output yield than injection 
behind the blower. 

Discussing the conclusions of Lutz, F. A. F. Schmidt referred to experi- 
ments showing that the actual temperature difference when working with 
liquid oxygen as compared with liquid nitrous oxide was not so great as 
theoretically calculated. Further, he envisaged the admixture of methanol 
as a coolant in order to achieve extremely high gains in performance with 
liquid oxygen. 

Difficulties in the use of liquid oxygen because of its tendency to give 
rise to vapour lock and also to become surrounded with a non-conducting 
layer of gas which prevents evaporation, were said *° to have been overcome 
by the insertion of a magnetically controlled valve in the supply line. This 
valve automatically vented any gas to the air. 


3. COMBUSTION IN DrIgSEL ENGINES. 


The diesel engine was used for general automotive and marine (mainly 
submarine) propulsion, and only to a small extent for aviation purposes. 
Work on diesel fuels was directed mainly to an improvement of their 
starting qualities, and to the development of alternative fuels as supply 
of the normal fuels diminished. 


A. General Theory and Practice. 


Combustion-chamber design, in contrast to that in Britain, tended 
towards the use of air-storage chambers. Several engine and bomb 
investigations of the combustion process have been made using this type of 
chamber. 

Petersen,*® using a double air-storage chamber fitted to a bomb, studied 
flame movement (with air movement) by high-speed photography. He 
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found that slightly late injection of fuel, equivalent to half load, resulted in 
the greater part of the fuel remaining in the main chamber near the first 
throttle point, although a small proportion reached the first storage 
chamber where ignition occurred. The flame raced along the fuel layer 
before the first throttle point, throwing it in the direction of the injection 
nozzle. From there, combustion spread laterally and filled the main 
chamber. It was found that there were two main courses of combustion. 
When injection took place after the maximum inflowing air speed, the 
second storage chamber took little part in the combustion, since the bulk 
of the fuel remained in the main chamber. When the fuel was injected 
earlier, however, the strong air stream carried it into the second storage 
chamber, and then the main chamber played only a small part in the com- 
bustion since little fuel was brought back into it. In this latter case, soot 
formation occurred in the second storage chamber. Between these two 
injection extremes, there was a favourable range, dependent upon the fuel 
quality. It was found that the injection nozzle needed to be no wider than 
that necessary to bring the fuel into contact with an adequate supply of 
air. Increase of the angle of spray caused a drop in combustion speed, 
because the effect of each burning fuel droplet on its surrounding droplets 
became less the greater the distance between them. 

In engine experiments, the combustion course was followed by the use of 
ionization methods to determine flame travel, and by pressure pick-ups. 
The latter were usually of the piezo-electric type, which the Germans 
favoured rather than the capacity type. 

Tests were made by Dreyhaupt ® on an engine with a Lanova air-cell 
combustion chamber. With this engine at full load, ignition occurred 
only after the complete fuel charge was injected, and a smooth pressure 
rise occurred in the main chamber, thus eliminating ‘‘ diesel knock.” The 
fuel-spray angle was fairly critical on this engine, and alteration from 
6° to either 4° or 8° was detrimental to the combustion. 

Experiments were also made‘! on a Deutz pre-chamber engine, gas 
samples being taken from the points at which pressure and flame ionization 
measurements were made. Although there should have been ample air 
available in the pre-chamber, combustion was actually found to occur 
under a great air deficiency. This led to soot formation in the pre-chamber 
at the commencement of combustion. The flame spread very quickly 
into the main chamber because of the high pressure developed in the pre- 
chamber. This engine was very insensitive to the ignition quality of the 
fuel, and gave an almost constant delay period under all conditions. 


B. Modifications in Engine Design and Operation. 

An important development was the introduction of the recycle diesel 
engine for underwater submarine operations. Its ultimate aim was to 
enable the engine to be operated either entirely on oxygen supplied from 
high-pressure cylinders, or under “ Schnorkel” conditions in which a 
limited supply of air was drawn through a pipe from the ocean surface. 
A twenty-cylinder Krupp Germaniawerft engine was run on this principle.™ 
Its superchargers were removed to reduce excessive exhaust temperatures, 
and an inlet temperature of approximately 100°C was used. Exhaust 
back pressures reached 20 p.s.i., and intake suction 1-4 p.s.i. 
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In German aero engines, considerable difficulty was experienced by 
failure of the spark-ignition system at high altitudes. Trouble with 
the ignition also arose because of excessive plug fouling with high octane, 
lead-containing fuels. An attempt was made to overcome these difficulties 
by the use of a low-tension ignition system operating at about 400 volts.51 
Later, however, investigations centred on the use of the ‘“‘ Ring ”’ process, 
This process had the additional advantage that it made feasible the use of 
high-boiling-point safety fuels. The work on the “ Ring ” process has been 
summarized by O’Farrel in B.I.0.8S. Report No. 1609, which also contains 
an extensive bibliography on the subject. 

Preliminary experiments were made ™ to investigate the possibility of 
self-ignition operation of mixture compression engines. Such a process 
would reduce the outlay on accessories in high-speed multi-cylinder engines 
of small capacity, and might make possible the utilization of low boiling, 
low anti-knock fuels. 

The experiments were made in a single-cylinder, air-cooled, spark- 
ignition engine of 200 ce capacity and in a 700-cc water-cooled, single- 
cylinder diesel engine. A fuel blend of 60 per cent of low boiling, primary 
gasoline of octane number 50, and 40 per cent of RCH diesel fuel of octane 
number-80 was found to give the most favourable conditions for self-ignition 
operation. At first, however, knock-free operation was not attained. 

The knock could not be suppressed by additives, without adversely affect- 
ing the ignitability. Attempts to suppress the knock by altering the 
combustion-chamber design were also ineffective. It was found, however, 
that for very rich and very weak mixtures (air-fuel weight ratios of 8-10 
and 25-28, respectively) knock-free self ignition could be obtained. This 
phenomenon was attributed to a reduction in the combustion velocity. 
Indicator diagrams showed that the pressure rise occurred fairly smoothly, 
a few degrees after T.D.C. The flame in the knock-free region was a faint 
blue, in contrast to the bright white flame appearing with knock. 

Starting from cold required the use of additives, preheating or a glow 
plug. Power and consumption in the knock-free lean region corresponded 
approximately to those of the automotive diesel engine. 

It was concluded, however, that for practical self-ignition operation, 
the lean mixture knock-free region had first to be extended. Also the 
development of a precise instrument for control of the air-fuel ratio was 
essential. 


C. Ignition Accelerators. 


Heinze, Marder, and Veidt 2° determined the effect of the addition of a 
large number of compounds to various brown-coal-tar and anthracite-tar 
distillates. The compounds tested included: ethyl nitrate, amyl nitrate, 
amy] nitrite, ethylene chlorohydrin nitrate, tetralin peroxide, benzoyl per- 
oxide, nitroso n-methyl urethane, di-ethyl tetrasulphide, diethyldioxime, 
copper stearate, butyl bromide, p-nitroso dimethyl aniline, chlorodinitro- 
benzene, trinitrotoluol, benzoyl acetone, cyclohexanone oxime, dipentene, 
and terpin. The last seven compounds had no effect on the ignition 
behaviour, whilst of the others, the nitrates and nitrite were the most 
effective, the rise in cetane number of the fuels being approximately propor- 
tional to their concentration. With nitroso n-methyl urethane, ethylene 
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chlorohydrin nitrate, and diethyltetrasulphide, however, the improvement 
per cent of additive decreased as the additive concentration increased. 

The effect of the additives on a number of other fuel properties was also 
determined. Except for tetralin peroxide, an addition of less than 0-5 per 
cent of additive always brought the Conradson carbon value of the fuels 
well in excess of the British and U.S.A. specification of 0-2 per cent. All the 
additives tested increased the corrosion effect on zinc, but only with 
tetralin peroxide and amyl nitrite was the corrosion considered excessive. 
All the additives were completely stable in storage even after one year. 


D. Cold Starting and the Use of Additives. 


Whereas in Britain and U.S.A. additives have mainly been used to raise 
the cetane number of a fuel for normal running, in Germany the emphasis 
in research has been centred on their use for improving cold-starting 
behaviour. 

The effect on the starting behaviour of diesel fuels by the injection of 
special starting fuels into the air-intake manifold of the engine was studied 
by Leib.2”?_ He used mainly ethers and similar compounds for these starting 
fuels. 

The minimum compression ratios required for the ignition of these fuels, 
without injection of the main fuel, were first determined. An I.G. engine 
was used in a room which could be cooled to — 25°C. The lower the room 
temperature the higher was the compression ratio necessary for ignition. 
In general, decrease in vapour pressure of these starting fuels resulted in a 
higher compression ratio being required for ignition. An exception was 
ethylisopropylether, which, despite its lower vapour pressure (and also 
lower cetane number), required considerably less compression than diethyl- 
ether. No unexpected effect resulted from a mixture of starting fuels. 
With the two lowest boiling fuels tested—diethylether and ethylisopropyl- 
ether—the engine would only start within a certain compression-ratio 
range. Above an upper compression limit, spontaneous combustion in the 
cylinder resulted in all the fuel being burnt before the end of the com- 
pression stroke. With the higher boiling starting fuels this phenomenon 
was only observed at fairly high temperatures and compression ratios of 
nineteen to twenty. 

Tests in which diesel fuel was injected into the cylinder and starting 
fuel into the induction line, showed that for easy starting fuels with high 
cetane number and high vapour pressure are needed. As with ethyliso- 
propylether, however, the inner structure of the fuel is also a factor. For 
practical use with induction-line injection the following order of starting 
fuels was given: ethylisopropylether, diethylether, diisopropylether and 
di-n-propylether. 

A series of investigations concerned with the improvement of starting 
behaviour was made at the Technische Hochschule, Stuttgart. All the 
tésts were made on an F.K.F.S. engine. Additives were either admixed 
with the fuel, introduced into the intake air, or directly injected into the 
cylinder separately from the main fuel. 

Denmer ? judged starting behaviour by motoring the engine under fixed 
conditions and determining the minimum compression ratio needed to keep 
the engine running by itself. Direct addition of ethyl nitrate to a com- 
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mercial diesel fuel gave an improvement of 1/2 compression ratio. The 
improvement with Fischer-Tropsch RCH oil was much less, and at high 
additive concentration the performance even deteriorated. The cetane 
number for both fuels increased with the concentration of ethyl nitrate. 
Admixture of carbon disulphide, although slightly improving the starting 
behaviour of commercial oil, had an adverse effect on the RCH diesel fuel. 
Carbon disulphide vapour, however, effectively improved the starting 
behaviour. The cetane number of the commercial diesel fuel decreased 
with carbon disulphide addition, but that of the RCH fuel increased 
slightly. Acetaldehyde had little effect when added directly to the fuels, 
but vapour addition improved the critical compression ratios by 2 or 3. 
The cetane number dropped appreciably on addition of acetaldehyde to the 
commercial fuel, but the RCH fuel showed the reverse effect. It was 
concluded that the raising of the cetane number of a fuel by the use of 
additives is not indicative of an improvement in the starting behaviour of 
the fuel. This agreed with the experience ** that the cetane number 
measured in an engine, even by the H.W.A. method, is no criterion of the 
starting behaviour of a fuel, at least at temperatures below 0° C. In this 
connexion it was suggested 2° that possibly a useful characteristic of start- 
ing behaviour might be obtained by considering cetane number, boiling 
range, and viscosity. 

Similar experiments were made by Schutze, but he added fuel admixed 
with additive to the intake air as well as simultaneously injecting it in the 
normal way. When using the highly paraffinic RCH fuel the engine could 
run for a time under its own power without any flames appearing in the 
cylinder. This indicated strong pre-flame reactions. The gradual heating 
of the engine eventually resulted in flames appearing, accompanied by 
‘ considerable knock and an acceleration of the engine. Naphthenes and 
aromatics did not show this phenomenon. Experiments with varying 
ihlet-air temperatures showed that the critical compression ratio when 
using RCH fuel containing 5 per cent ethyl nitrate rose sharply as the 
temperature fell below 50°C. This was attributed to the ethyl nitrate 
being sucked into the cylinder in the liquid state, the drops of ethyl nitrate 
being surrounded by a cool zone. With normal-quality fuels the effect of 
the heat lost by evaporation of the droplets would be far outweighed 
by the increased ignitability caused by the ethyl nitrate. With the highly 
ignitable RCH oil, however, ignition would be hindered. From engine 
tests the ignition temperatures of cyclohexane and cyclohexane containing 
5 per cent of ethyl nitrate were calculated using the equation 
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These calculated values were compared with tests made in the Jentsch 
ignition tester. It was concluded that provided fuel does not enter the 
engine cylinder in the liquid state the ignition point gives a suitable guide 
to starting behaviour. 

From engine experiments in which the main fuel was not injected, Staats “ 
found that ether added to the intake air from a carburettor required a 
smaller compression ratio for ignition than did ethyl nitrate in the vapour 
phase. Ether, when added in the vapour phase, however, required an 
even lower compression ratio. 
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In actual engine operation, the starting behaviour, when ethyl nitrate 
was used in the vapour phase as an ignition accelerator, was not dependent 
on the ignitability of the main fuel. In contrast, the effect of the different 
ignitabilities of the individual fuels was slightly noticeable when using ether 
vapour. It was found that there was an optimum ether vapour quantity ; 
introduction of too much ether vapour so cooled the combustion chamber 
that, presumably, the pre-reactions between the ether and the air were 
retarded. 

Cold-room tests at temperatures down to — 40° C showed that at such 
low temperatures ether was the only substance that would assist starting. 
Ethyl nitrate was only effective for temperatures down to 0° C. 

A somewhat different attempt to improve the starting behaviour of an 
engine was made by Gerschler.” During starting he passed the products 
from the exhaust port back into the intake port. A very slight improve- 
ment resulted, but constructional difficulties prevented the practical use 
of the system. The work, however, furthered the development of the 
recycle engine. 


E. Nitroparaffins as Engine Fuels. 

The use of nitroparaffins as fuels was the subject of a comprehensive 
investigation made by Penzig.* In his report he tabulated the properties, 
and presented other data in respect of nitromethane, nitroethane, nitro- 
propane, nitrobutane, and nitrobenzene. Approximately 25 per cent more 
energy was obtained from a given amount of air when using nitropropane 
than when using n-heptane. When burning heptane in air to which 
nitrous oxide had been added in such proportions as to give 3 mol N,O/mol 
C,H,,, however, almost the same energy was obtained as with nitropropane 
and normal air. This increased energy liberation was not solely due to the 
extra oxygen content of the air. Thus when ordinary air was brought up 
to the same oxygen content by the addition of free oxygen, the energy 
liberation, although better than with normal air, was not so great as with 
the nitrous oxide containing air. 

It was stressed that nitroparaffins are readily ignited at hot surfaces, 
even though they are difficult to ignite by means of a spark. Glow- 
ignition temperatures were obtained by passing the fuel vapours over an 
electrically heated coil. It was suggested that the nitroparaffins might be 
used as fuels for high-altitude flying, and thus eliminate the necessity for the 
conventional spark-ignition system. 

The glow-ignition properties of the nitroparaffins were also shown 
by their cetane ratings. With direct injection the technical product S3 
(a mixture of 1 and 2 nitropropane) had a cetane number of only 15. Ina 
pre-chamber engine, where the fuel contacted the chamber walls to a 
greater extent, it had a cetane number of 45. 

The admixture of nitropropane (in the form of 83) with a number of 
gasolines gave surprising results. The fuel S3 had an octane number of 72, 
but when mixed with certain gasolines it gave rise to mixtures with octane 
numbers lower than those of either component. The minima occurred 
with mixtures containing approximately 30 per cent of 83. With other 
gasolines no such phenomenon was observed. Nitroethane and nitro- 
butane behaved similarly to nitropropane. The octane number of nitro- 
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benzene could not be determined because of glow ignition, but experiments 
were made in which it was mixed with gasoline VT702. Up to 50 per cent 
nitrobenzene addition the octane number of the fuel was only ea 
changed, but further increase in the nitrobenzene content, however 
resulted in a considerable improvement in the octane rating. 

Experiments were made using a number of diesel fuels. Corresponding 
to their effect on the octane numbers of gasolines, the nitroparaffins gave 
mixtures with cetane numbers greater than those of either component. 
The maxima, however, were not so pronounced as the minima in the 
octane-number curves, although the improvement was greater the higher 
the cetane number of the original fuel. 

On recycle diesel operation, use of nitropropane as a fuel was estimated 
to be able to give a saving on the total weight of fuel and storage equipment 
of 16 per cent. Its use in submarine operation would, however, be limited 
because of the bubbles that would arise from the evolved nitrogen. 


References.* 


1 Blume, —., Deutsche Kraftfahrtforschung Technische Forschungsbericht 
Zwischenbericht, 1940, (91), 43-59. (F.D. 2869/46, Item 19.) 
? Damkohler, G., V.D.I:, 1940, 84, 616. 
* Damkohler, G., Z.f. Elektrochemie, 1940, 46, 601 (see R.A.E. Report No. Ch. 428). 
* Damkohler, G., and Sander, A., Jahrbuch 1940 der deutsche Lu uftfahrtforschung, 
S.11. 427/48. 
5 Damkohler, G., Schriften der Deutschen Akademie der Luftfahrtforschung, 1941, 
54, 91-108. (F.D. 2873/46, Item 8.) 
* Damkohler, G., and Eggersgluss, W., Z. physik. Chem., 1942, B §1, 157 
7 Demmer, O., Diplomarbeit. (F.D. 287 2/46, Item 79.) 
§ Dreyhaupt, —., V.D.J., 1939, 83, 8. 
* Dreyhaupt, —. , A.T.Z., 1941, p. 587. 
10 Dreyhaupt, —., Deutsche Kraftfahrtforschung. Technische Forschungsbericht 
Zwischenbericht, 1942, (111), 75-88. (F.D. 2873/46, Item 1.) 
11 Eggersgluss, W., ‘‘ Chromatography of Organic Peroxides,’’ Thornton Laboratory 
Aero-engine Research Technical Memorandum No. T-66. 
12 Ernst, H., and Dorr, E., F.K.F.S. Report No. 392, 1941. (F.D. 2872/46, Item 66.) 
13 Fahlbusch, —., Oel u Kohle, 1942, p. 887. 
14 Fahlbusch, —., Oel u Kohle, 1942, p. 965. 
18 Franke, K., Deutsche Luftfahrtforschung Forschungsbericht No. 1610, 1942. 
(F.D. 2876/46, Item 82.) 
16 Franke, K., Deutsche Luftfahrtforschung Forschungsbericht No. 1657, 1942. 
(F.D. 2876/46, Item 83.) 
17 Franke, K., Deutsche Luftfahrtforsechung Forschungsbericht No. 1869, 1944. 
(F.D. 2876/46, Item 89.) 
18 Geib, —., Z. f. Elektrochemie, 1941, 47, 172. 
1® Gerschler, H., Diplom-Aufgabe. (F.D. 2872/46, Item 82.) 
20 Heinze, Marder and Veidt, Oel u Kohle, 1941, p. 422. 
Held, —., F.K.F.S. Report Letter No. 953/2, 1941. (F.D. 2873/46, Item 13.) 
Hubner and Klaukens, Annal der Physik, 1941, 39, (1), 5. 
Hubner and Klaukens, Jahrbuch Luftfahriforschung, 1941, pp. 1118-22. 
Hubner and Wolfhard, ‘‘ Combustion at High Altitudes,’ R.A.E. Library 
Translation No. 125. 
Jost, W., Rogener, H., and Weber, U., Schriften der Deutschen Akademie, der 
Luftfahrtforschung, 1941, 54, 2-10. (F.D. 2873/46, Item 8.) 
Kornacker, P., Bericht uber die Tagung ‘‘ Klopfverhalten und Lagerung von 
Krafstoffen,”’ 1941, pp. 83-84. (F.D. 2874/46, Item 36.) 
Leib, H., Technische Prufstandes Oppau Bericht No. 513, 1942. (F.D. 2866/46, 
Item 45.) 





* The letters F.D. indicate that the document may be consulted at the Technical 
Information and Documents Unit, 40, Cadogan Square, London, S.W. 1, where in 
most cases translations are available. 





FUNDAMENTAL WORK ON COMBUSTION IN GERYANY. 733 


Leib, H., I.G. Oppau. Kurzbericht No. 347, 1942. (F.D. 2867/46, Item 53.) 

Lonn, —., Luftfahrtforschung, 1942, p. 344. 

Lutz, O., Lilenthal Gesellschaft Report No. 158, 1943, pp. 25-36. (F.D. 2872/46, 
Item 5.) 

Muffling, L., Schriften der deutschen Akademie der Luftfahrtforschung, 1941, 54, 
56-71. (F.D. 2873/46, Item 8.) 

Muffling, L., Z. f. Physik, 1944, 122, 787. 

Penzig, —., Bericht uber die Tagung ‘‘ Klopfvarhalten und Lagerung von 
Krafstoffen,” 1941, pp. 65-75. (F.D. 2874/46, Item 36.) 

Penzig, —., Technische Prufstandes Oppau Bericht No, 565. (F.D. 2866/46, 
Item 84.) 

Peterson, —., V.D.J., 1939, 88, 168. 

Schmidt, E., and Muhlner, E., Schriften D.A.L., 1941, 54, 28-55. (F.D. 2873/46, 
Item 8.) 

Schmidt, E., V.D.J., 1944, 88, 75. 

Schmidt, E., Steinicke, H., and Neubert, U., Schriften der deutschen Akademie 
der Luftfahrtforschung, Heft 1073/43 g., 107. 

Schmidt, F. A. F., ‘‘ Verbrennungsmotoren,” 2nd edn., 1944, p. 311. 

Schmidt, F. A. F., Schriften der deutschen Akademie der Luftfahrtforschung, 1941, 
54, 77-88. (F.D. 2873/46, Item 8.) 

Schrakig, —., A.7.Z., 1943, p. 203. 

Schutze, W., Diplom-aufgabe. (F.D. 2872/46, Item 81.) 

Staats, —., Diplom-aufgabe. (F.D. 2872/46, Item 81.) 

Unger, W., Schriften der deutschen Akademie der Luftfahrtforschung, 1941, 54, 
127-140. (F.D. 2873/46, Item 8.) 

Widmaier, O., Deutsche Luftfahrtforschung Forschungsbericht No. 1697, 1942. 
(F.D. 2872/46, Item 49.) 

Widmaier, O., Deutsche Luftfahrtforschung Forschungsbericht No. 1742, 1943. 
(F.D. 2872/46, Item 50.) 

? Willick, H., Lilienthal Gesellschaft Report 158, 1943, pp. 37-48. (F.D. 2872/46, 
Item 6. 

Zeise, H., Schriften der deutschen Akademie der Luftfahrtforschung, 1942, 54, 
112-126. (F.D. 2873/46, Item 8.) 

Zeise, H., M.T.Z., 1943, §, 378. 

C.1.0.8. Trip 769. 

C.1.0.8. Report XXIX—53. 

C.1.0.8. Report XX XII—16. 

O.S. Final Report 119. 

O.8. Final Report 343. 

O.S8. Final Report 532. 

O.8. Final Report 768. 

O.8. Final Report 771. 


A. 
as 
af 
ha 
ol 
J, 





COMPRESSION-IGNITION APPLIED TO THE OTTO. 
CYCLE (THE “RING” PROCESS).* 


By M. O’FARRELL. 


INTRODUCTION. 


DuRrinc the period 1940-43 some attention was given in Germany to the 
development of a method of engine operation known as the Otto-Diesel 
process, or alternatively under the code name “ Ring” process or R.- 
process. This refers to the operation of an engine in which the combustible 
mixture is formed, as in a spark-ignition engine, by carburation or by 
injection of fuel during the induction stroke, while ignition is effected on 
the diesel principle by a small quantity of easily ignitable fuel injected into 
the cylinder towards the end of the compression stroke. 

The basic principle of this process of separate injection of ignition fuel 
was originally suggested in connexion with the use of gaseous fuels in diesel 
engines, and was the subject of a patent taken out by Rudolf Diesel in 
1898. 

Experiments with safety fuels carried out by the I.G. Farbenindustrie in 
1939 indicated the need for a source of ignition more powerful than a spark 
to fire the imperfect cylinder mixtures obtained with high-boiling-point 
fuels. The replacement of spark ignition by a secondary injection of highly 
ignitable fuel was proposed, and was first investigated at Oppau by F. 
Penzig during 1940-41, being further developed in co-operation with 
B.M.W., Munich, in 1942-43. The first flight tests were carried out by 
B.M.W. at Spandau in May 1942. In the majority of this experimental 
work, gasoline was used as main fuel supply, the object being to explore the 
possibilities of the process preparatory to its application to engine operation 
on safety fuels. 

At the end of 1943, development of the R-process was largely discon- 
‘tinued in favour of more urgent projects, although a certain amount of 
experimental work was done later by Junkers, Dessau, on supercharged 
two-stroke engines. 


CHARACTERISTICS OF THE R-PROCEsS. 


The compression ratio usually chosen for R-process operation was 8 : 1, 
which represented a practical compromise ensuring reliable ignition without 
undue demands on the anti-knock quality of the main fuel. Because of the 
high energy content of the ignition fuel, or R-fuel, steady engine running 
was obtained down to extremely weak mixtures, and control of the un- 
supercharged engine was possible by regulation of the fuel supply instead 
of by throttling. 





* B.I.0.8. Final Report No. 1609 (excluding Bibliography). Reproduced by per- 
mission of the Controller of H.M. Stationery Office. 
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Maximum power output on the R-process was approximately the same 
as with spark-ignition, but power and economy at weak mixtures were 
considerably improved. With suitable adjustment of the injection system 
the minimum total fuel consumption remained practically constant over a 
wide range of mixture strength at a value appreciably below the minimum 
consumption of the normal engine, and an overall gain in fuel economy of 
about 5 per cent was estimated. 

The optimum R-fuel quantity increased somewhat as the mixture 
strength and load decreased, and at the same time the best injection timing 
advanced slightly. Over the normal operating range, the requisite R-fuel 
supply varied between about 5 and 15 per cent of the total fuel with 
normal aspiration, while under boosted conditions a smaller proportion of 
ignition fuel was permissible. The injection timing for the R-fuel varied, 
according to engine type and conditions, within the range 40° to 90° before 
T.D.C. on the compression stroke. For idling and starting the engine was 
operated on R-fuel alone, that is as a diesel engine. 

Peak cylinder pressures for a given engine power were apparently a little 
lower on the R-process than with spark ignition, but the rate of pressure 
rise was greater and pressures during the expansion stroke were higher. 
Cyclic variations in cylinder pressures were smaller with the R-process, 
especially at weak mixtures. Also, cylinder-head temperatures were 
reduced and there was less heat dissipation to the coolant, although no 
corresponding rise in exhaust temperature was detected. This was attri- 
buted to lower heat transfer to the cylinder walls with the different 
combustion process. 

The tendency to detonation was less with the R-process at higher com- 
pression ratios, but at 8:1 the difference was insignificant. Presumably 
the advantage of the multiple source of ignition obtained with R-fuel 
injection was balanced at the lower compression ratio by the reduction in 
anti-knock value of the gasoline through dilution with R-fuel during the 
longer ignition-delay period. Engine performance was relatively in- 
sensitive to mixture quality, as affected, for example, by the main fuel 
injection timing, and an appreciable improvement in rich mixture detona- 
tion performance, without increase in fuel consumption, resulted from 
delayed gasoline injection. 

At low operating temperatures, the R-process was generally unsatis- 
factory, ignition becoming unreliable and part-load power and economy 
deteriorating. It was therefore necessary for cylinder-head and intake-air 
temperatures to be kept above certain minimum values. Similarly, 
although starting on R-fuel alone was possible with difficulty at normal 
atmospheric temperature, cold starting necessitated considerable _pre- 
heating of the intake air. Alternatively, auxiliary spark-ignition with 
gasoline priming was used. 

The advantages and disadvantages of the “ Ring” process, in com- 
parison with spark ignition, may be summarized as follows :-— 


Advantages. 


(1) Spark-ignition difficulties are eliminated. These include plug fouling, 
failure at altitude, radio interference. Absence of plug fouling permits the 
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use of increased T.E.L. concentrations, when chromium-plated exhaust 
valves are employed. 

(2) Engine operation at weak mixtures is steadier and more reliable, 
Fuel economy is improved. 


(3) The use of high-boiling-point safety fuels is feasible. 


Disadvantages. 
(1) Additional coolant control is essential for low temperature operation. 
(2) Two types of fuel are required, and the additional fuel system is more 
costly than the spark-ignition system. 
(3) The cold-starting problem is unsolved. 


IGNITION FUELS. 


In view of the relatively low compression ratio employed, an essential 
feature of the R-process was the use of a highly ignitable fuel for the 
secondary injection. 

At first, the possibilities were investigated of nitro compounds and 
peroxides as additives to the high-cetane RCH diesel fuel (Ruhrchemie- 
Fischer-Tropsch product), and a practical fuel, R 110, was produced, 
R110 consisted of RCH diesel fuel containing 10 per cent of Dibutin, 
the code name given to methyl ethyl ketone peroxide, by which addition 
the cetane number of the diesel fuel was raised from 95 to 150. The 
peroxide is a colourless liquid, which is stable and miscible in all propor. 
tions with hydrocarbons, and, although explosive in the pure state, is 


harmless in a 50-50 blend with the diesel fuel. As a high reference fuel for 
measuring cetane numbers above 100 a blend of 30 per cent Dibutin in RCH 
diesel fuel was used, having a cetane number of 245, determined by extra- 
polation of blending figures. The physical properties of Dibutin and R 110 
are given below :— 





Dibutin. 





Sp. gr. at 20°C . : , . of 1-07 
Viscosity, cs at 20°C . ; ‘ ‘ 3-0 
Be. °C x : 

Se, 

Flash pt, ° C ‘ 

Cal. val, B.Th.U /Ib 

Air requirement, lb/Ib . 

Cetane No. . 





"| 





The fuel R 110 had the disadvantage of relatively high setting point and 
marked corrosive action on metals, but was nevertheless used in the earlier 
development work. 

Following extensive investigations on pure chemical compounds, chiefly 
ethers, two substances appeared as particularly suitable for R-fuels, namely 
R 200, 1, 4, butandiol diethyl ether, C,H,-O-C,H,-O-C,H,, and R 300, 
diglycol diethyl ether, C,H,-O-C,H,-O-C,H,, the latter being finally 
selected for quantity production as an ignition fuel for the R-process, and 
also as a starting fuel for diesel engines, for which purpose it was known 
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able, 
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under the code name KS2. The properties of these two ethers are given 
below :— 








Sp. gr. at 20°C . 
Lh a9 = cs at 20° C 
P., 


pt, 
Cal. val, B.Th. U/ib ‘ 
Air requirement, eae 
Cetane No. 











Both these fuels were endurance-tested in gasoline-fuel-injection equip- 
ment, without evidence of excessive wear or corrosion. 


Enorne TEsts. 


Most of the engine development on the R-process was carried out using 
gasoline and normal gasoline-injection equipment for the main fuel supply, 
with an additional injectién system for the R-fuel. The R-fuel injection 
pump was fitted with 5- or 6 mm-diameter plungers to facilitate the 
metering of the very small ignition-fuel quantities, and no trouble was 
experienced with this arrangement, which was satisfactory at high speeds 
and for metering volumes down to 5 cu. mm/stroke. The normal operating 
range of current aero-engine cylinders required an R-fuel supply of 15-25 
cu. mm/stroke, with an increase for starting and idling to 50 to 100 cu. mm/ 
stroke. 

A single-hole, closed-type nozzle, giving a hard, non-divergent spray was 
generally found to give the best results, except for starting, for which good 
atomization was desirable. 

In all cases, deterioration in performance occurred with low operating 
temperatures and at over-rich mixtures, due to increased ignition delay. 
Direction of the R-fuel spray on to the hot exhaust valve produced marked 
improvement in these respects, but at some sacrifice in economical -fuel 
consumption. This expedient, however, necessitated the use of chromium- 
plated exhaust valves to avoid pre-ignition due to carbon deposition. 

Optimum injection advance and R-fuel quantity increased progressively 
with weakening mixture, but for practical purposes fixed injection timing 
and quantity were suitable down to very weak mixtures, when increased 
R-fuel delivery and injection advance were necessary for idling on a pure 
diesel cycle. 

Knock tests with the R-process showed that differences from the normal 
method of engine operation were inconsiderable, but the mixture-response 
curve could be extended at the weak end on account of the greater range of 
steady weak-mixture running. Some differences were observed in the order 
of evaluation of fuels, in particular with aromatics, which were appreciated 
at the weak end on the R-process and were less sensitive to mixture strength, 
giving flatter response curves. Nevertheless, the comparatively high 
compression ratio of 8 : 1 made necessary the use of high anti-knock fuels. 

The R-process was tested on a variety of single-cylinder units, including 

3E 
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BMW 132, BMW 323, Jumo 211, and DB 6001, and was also tried out on a 
BMW 323, nine-cylinder main engine on the test bed and in flight. 

On the BMW 132 N, the total fuel consumption was approximately 
constant at a minimum value between 90 and 50 per cent theoretical 
mixture strength. Maximum indicated thermal efficiency, at about half 
load, was 43 to 46 per cent, equivalent to 83 to 89 per cent thermodynamic 
efficiency. Minimum operating temperatures were 120°C cylinder head, 
20° C air intake. Starting was possible at room temperature at 700 r.p.m. 
with 50 cu. mm/stroke of R-fuel. 

Minimum operating temperatures on the Jumo 21la were 30° C coolant, 
20°C air intake. Optimum injection quantity of R-fuel varied from 
5. cu. mm/stroke at full load to 20 to 25 cu. mm at half load and again to 
50 to 55 cu. mm for idling. 

With the DB 6001 cylinder, and also with a Hirth, one-litre unit, various 
types of pre-combustion chamber were tried, with a view to improving 
engine performance and knock behaviour. In general, there was a reduction 
in detonation at weak mixtures but increased knock at the rich end. 
R-fuel injection quantities were reduced and minimum engine-operating 
temperatures lowered, but power output and fuel consumption were 
adversely affected. Pumpless injection of R-fuel, on the L’Orange principle, 
was also tried in conjunction with a prechamber, and, on the Hirth cylinder, 
gave a performance only slightly inferior to direct injection. With the 
larger DB 6001, however, this type of R-fuel delivery gave very poor results. 

BMW 323 main-engine tests at 8:1 compression ratio followed pre- 
liminary single-cylinder tests in which the effects of cylinder-head tempera- 
ture, air-intake temperature, and direction of the R-fuel jet were studied. 
At low operating temperatures there was a falling off in engine performance, 
especially below 50° C air-intake temperature, at which point ignition delay 
increased very rapidly with fall in temperature A twenty-five-hour bench 
test on the nine-cylinder engine under type test conditions was successfully 
concluded, with ignition fuel flows of 15 to 23 cu. mm/stroke/cylinder over 
the operating range and 40 cu. mm for idling. Total cruising fuel con- 
sumption was 0-47 lb/b.h.p. hr. Twenty-five hours’ flight testing was 
carried out using the test unit as centre engine on a Ju 52 aircraft. The 
tests showed that cooling-air control was essential for maintaining engine 
temperatures at a level suitable for R-operation, but to avoid the dis- 
advantages of restricted cooling-air flow, the compression ratio was raised 
instead to 9: 1, which resulted in considerably improved low-temperature 
performance. At the same time, in order to obtain satisfactory knock 
behaviour at this compression ratio, the main fuel was injected later. 
With these adjustments, maximum cylinder pressures were not greatly in 
excess of those of the normal engine, while total cruising fuel consumption 
decreased to 0-41 lb/b.h.p. hr (0-35 Ib/i-h.p.hr). R-fuel consumption 
amounted to 0-01 to 0-02 lb/b.h.p. hr. 

Junkers, Dessau, were interested in the R-process in connexion with 
supercharged two-stroke gasoline engines. Tests were carried out on 4 
single-cylinder Jumo 223 at 7:1 compression ratio, and the same power 
output was obtained as with spark ignition, with the advantage that the 
difficulties normally experienced with two-stroke engines at low powers were 
absent, reliable control being obtained from full load to idling by regulation 
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of the fuel supply. This engine was run up to 4400 r.p.m. at an output of 
150 i.h.p. /litre. 

Starting from cold was the chief trouble experienced on all engines, and 
auxiliary spark ignition was retained in most cases, including the main- 
engine tests. To avoid this complication it was proposed to use a small 
1.C. engine starter, which would permit continuous cranking at high speed 
and the waste heat of which could be utilized for preheating the main 
engine intake air. 


Sarety FvELs. 


Investigations of various fuels in regard to safety, by firing trials, flame 
spreading tests, etc, showed that high viscosity, boiling point, and flash 
point were desirable characteristics. The so-called safety fuels in the 
heavy-gasoline category gave only a very limited increase in safety over the 
normal light gasolines, and the I.G. Farbenindustrie ultimately developed 
polymerized isobutylene safety fuels, the TZ 900 series, which could be 
produced with different viscosities according to the degree of polymeriza- 
tion. The following are typical examples :— 








TZ 900/2. TZ 900/5. 





Sp. gr. at 20°C . 

Mol. wt 

Cal. val, B.Th. U/lb ‘ ; 

B.P., °C (beginning of dec omposition) ‘ 

Flash point, °C . ° ‘ 

Viscosity : ° E cs at 20° Cc ‘ . 85 (646) 275 (2089) 
50° C . . 14 (106) 55 (418) 


100° C ; é 2 (11-8) 5 (37-4) 
Cetane No. ‘ ‘ ‘ , ‘ 12 12 











The TZ 900 fuels Siinagiinit on bilan to form lower polymers and 
finally to isobutylene. For complete safety from fire, type TZ 900/5, with 
a viscosity of 5° E at 100° C, was desirable, but, in view of the mechanical 
difficulties of pumping, the less viscous TZ 900/2 was accepted as giving 
adequate safety for practical purposes. 

TZ 900 safety fuels were first tested in automotive spark-ignition and 
diesel engines. In the case of spark ignition, elaborate preheaters con- 
taining catalysts were installed for decomposing the fuel by means of 
exhaust heat, but the equipment was bulky and gave trouble with coking 
and the frequent changing of the catalyst. Diesel-engine operation was 
attempted without preheating, but combustion and engine performance were 
adversely affected by the poor atomization. The low cetane number of 
TZ 900 fuel was also disadvantageous. 

Tests on single-cylinder aero engines were first undertaken with a limited 
amount of preheating to reduce the fuel viscosity, followed by direct injec- 
tion in the normal manner. Maximum power, either with spark ignition 
or on the R-process, was less than with gasoline and fuel consumption was 
increased. With the R-process, however, part load economy was satis- 
factory and engine failures due to oiling up of the spark plugs by undecom- 
posed fuel were eliminated. In these tests, fuel losses occurred through 
deposition on the cylinder wall, with consequent coke formation and 
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lubricating-oil dilution, to avoid which effects it was considered essential 
to heat the fuel above the boiling point, or beginning of decomposition, at 
300°C. It was therefore necessary to design a special hydraulically 
controlled nozzle suitable for delivering the partly decomposed fuel. 

The anti-knock value of gaseous isobutylene is high, but in practice 
complete decomposition of TZ 900 is not possible, and the knock behaviour 
of the partly decomposed fuel is relatively low, due to the presence of 
higher olefins and the higher polymers of isobutylene. Addition of lead is 
ineffective, since heating destroys the anti-knock quality of the T.E.L. 

Tests were performed on BMW 801 and Jumo 222 single-cylinder units 
with exhaust preheating, followed by cooling of the decomposition products 
before introduction into the engine, and with R-fuel ignition. The results 
showed lower power outputs than with gasoline, and increased R-fuel 
requirements. At the minimum compression ratio of 7-5: 1 for reliable 
R-process operation, detonation prevented the use of take-off power. Also, 
with a preheater of reasonably small dimensions, engine running was 
unstable, and the temperature control of the fuel system was very critical 
with respect to coking of the preheater or cooler. 


CONCLUSIONS. 


The practical value of the R-process is bound up with the emphasis which 
may be placed on the use of high-boiling-point fuels for safety or other 
reasons, although difficulties of engine operation on these fuels are only 
partially overcome by the process. With gasoline fuel, the complication 
and expense of the additional fuel system and the problem of cold starting 
would probably outweigh the possible gain in fuel economy, while the 
advantage of R-fuel injection over spark ignition at extreme altitude is 
now of little significance, in view of gas-turbine development. A more 
promising field of development might be in connexion with two-stroke 
engines, because of the improved part-load control associated with the 
R-process. 


Discussion. 


THe CHAIRMAN: We have heard two very interesting papers on com- 
bustion, one covering a fairly wide field of chemistry and physics, and the 
other a specific application in the case of the ‘“ Ring” process. The 
authors are reporting not their own work, but that of other people. There- 
fore, they cannot be expected to know the answers to all questions. If 
questions arise which anyone in the audience can answer, it will be helpful 
if he will do so. 


M. O’FarreELL: There are two points which interest me particularly 
in the paper by Messrs Petty, Wright, and Garner. The first refers to the 
work on valve overlap. Callendar’s peroxide theory implies, I understand, 
that if droplets are present in the combustion chamber, especially with 
paraffinic fuel, the knock limit should be depressed at the rich end. That 
is contradicted by work which was done some time ago, and which extended 
some tests concerning valve overlap to the use of low-volatility fuels—so- 
called safety fuels. The result with a paraffinic safety fuel, with a weak 
mixture performance equivalent to 100-octane aviation fuel, was that the 
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rich performance was very considerably increased rather than decreased, 
due to the decreased volatility. I should be interested to hear the com- 
ments of the authors on this. 

The other point I wish to raise is concerned with the reversed temper- 
ature sensitivity. I should like to ask whether the reversed temperature 
sensitivity refers to the curve of limiting boost pressure or to I.M.E.P., 
because in my limited experience, although the limiting boost-pressure 
curve could show a temperature reversal, the I.M.E.P. curve did not show 
it, except at the very rich end; and here it was only within the limits of 
experimental error. 


D.S. Perry, replying,said: The work of the C.1.0.8. and B.I.0.8S. Missions 
to Germany have made many reports of German research work readily 
available, so that in certain instances one may have a greater knowledge of 
German work than corresponding British work. I was, therefore, partic- 
ularly interested in Mr O’Farrell’s reference to some work on valve overlap 
which has been done in Britain. 

As regards his second point, Mr O’Farrell is quite correct in his observation 
that only the curve of limiting boost pressure could show a reverse temper- 
ature sensitivity. For this reason the Germans suggested that when 
temperature characteristics were to be investigated during knock testing, 
the limiting boost-air pressure, and not the mean effective pressure, should 
be used for comparison purposes. 


Pror. F. H. Garner: When looking through the voluminous B.I.0.8. 
reports I have been interested in a number of instances in which the Germans 
made the same discoveries during the war periods as ourselves. Mono 
methyl aniline as an additive to aviation gasoline is a case in point. 

Another rather interesting similar development is the use of ethyl ether 
as a starting medium for diesel engines. In 1941 during the very cold 
weather we had immobilized a considerable number of diesel-engined and 
other vehicles. As a result of much experimental work a suitable method 
was devised to use ethyl ether as a starting medium. As we have heard, 
the Germans also developed similar starting aids, as a result of the cold 
weather difficulties experienced in the campaign in Russia. They developed, 
not only ethyl ether, but also the higher ethers. 

In one of the B.I.0.S. reports it is mentioned that the development of the 
“Ring” process was due partly to the difficulties which the Germans 
encountered in trying to obtain satisfactory sparking plugs for use with 
some of the high-efficiency fuels. I should like to ask Mr O'Farrell if he 
could say something about that. 


M. O’FaRRELL: That was one of the stories put out by the Germans in 
connexion with the “ Ring” process. But in all the interrogations of 
German people one could always rely on hearing two or three stories 
justifying the same sequence of events. It is an undoubted fact that the 
“ Ring ” process will eliminate sparking trouble, which trouble was con- 
cerning the Germans; but I suggest that that point was added afterwards 
in justification of the process, rather than that it was the factor which 
initiated the development work, because it does appear that the desire to 
use safety fuels was the basis of the ring process, notwithstanding the other 
advantages and disadvantages. 
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G. N. Gapssy : In section 2B of the paper by Messrs. Petty, Wright, and 
Garner, in connexion with the prevention of knock in spark-ignition engines, 
reference is made to a report that “‘ coating the piston with fine colloidal 
graphite gave quite good results in preventing knock.” Can we hear a 
little more from the authors as to the possible explanation of that pheno. 
menon ? 

I personally have two comments to make with regard to it. Firstly, it 
seems probable that the method by means of which that process will 
function is by thermal conductivity. My second observation is that, in the 
light of some recent work in the United States, and confirmed in Britain, 
if one applies a coating of graphite to a piston and subsequently uses the 
piston in conditions equivalent to the normal conditions of operation in an 
engine, one finds that the coating of graphite eventually becomes embedded 
and covered by or submerged beneath a covering of metal resulting from 
wear on the cylinder. In other words, it would seem that, if one is to 
resort to graphite as an anti-knock agent, one will continually have to be 
replacing that graphite film. Has the work in Germany envisaged any 
replacement of the submerged film or coating of graphite in that way ! 


D.S. Perry : The only references to this subject that I have found were 
two very bald statements in the B.I.0.S. and C.1.0.8. reports mentioned in 
our paper. No reason was given for the phenomenon, although in my own 
mind I had also attributed it to a possible thermal conductivity effect. 


On the motion of the Chairman, the thanks of the meeting were accorded 
the authors of the two papers presented. 


The meeting adjourned for tea. 


When the members reassembled, the formal business of an Ordinary 
General Meeting was conducted. 


G. H. THornuEy (Member of Council) presided. 


The Minutes of the preceding Ordinary General Meeting, held on May 12, 
1948, were read, confirmed, and signed. 


THE Secretary (F. H. Coe) read the names of candidates elected to 
membership of the Institute since the previous meeting. 


THE CHAIRMAN: Our President, Mr E. A. Evans, has asked me to 
apologize to you for his unavoidable absence from this meeting; a long- 
standing engagement has prevented his attendance. 

This evening we are to have two further papers, following those presented 
this afternoon, on work done in Germany during the war. 

It is a source of great pleasure to me, and an honour, to introduce to you 
Dr E. D. Tingle, who will present his paper dealing with the German work 
on friction, lubrication, and wear. It is a very important paper, and one 
of great interest to all concerned with problems of friction and lubrication. 
The work of Dr Tingle and Professor Bowden at Cambridge has contributed 
greatly to our knowledge of the subject ; and Dr Tingle is highly qualified to 
explain and discuss the rather different lines on which the Germans were 
working during the war. 


The following paper was then presented : 





FUNDAMENTAL WORK ON FRICTION, LUBRICA- 
TION, AND WEAR IN GERMANY DURING THE 
WAR YEARS.* 


By E. D. TINete.t 


INTRODUCTION. 


Tuts report gives an outline of fundamental work on friction and lubrica- 
tion carried out in Germany during the war years, 1939 to 1945. It is 
based on reports and publications and on discussions during visits to 
Germany with some of the scientific workers in this field. The report is 
necessarily an incomplete one since the documents from which the selection 
was made could not be complete and since the number of German scientists 
available for discussion was limited. The aim of the report is to give an 
outline of the general trends and a discussion of some of the specific 
researches. 


1. GENERAL CONSIDERATIONS. 


The over-riding problem for Germany during the war years was the 
production of a sufficient quantity of usable lubricating oil. Her natural 
sources of high-grade mineral and other oils were insufficient ; the deficiency 
had to be made good by the production of synthetic lubricants and oil 


additives of various kinds, particular emphasis being placed on products 
with good viscosity index and good low-temperature properties. It is 
against this background that we must view the research work in lubrication. 

Perhaps because of the urgency of this need and perhaps because of the 
isolated and precarious position of pure scientists in Nazi Germany, the 
problems of lubrication were left mainly in the hands of technicians with the 
resultant production of a mass of technical information along well-estab- 
lished lines. The importance of a fundamental approach appears to have 
been realized very late in the war. For example the Abteilung Reibungs- 
forschung of the Kaiser Wilhelm Institute fiir Strémungforschung set up at 
the beginning of the war had only one assistant working under its director 
up to the middle of 1943. The Institute was largely destroyed by bombing 
in November 1943. Several Government scientists complained of curtail- 
ment of their fundamental researches by ad hoc work connected with the 
war. There seems, too, to have been among scientists a tendency to 
develop theories unchecked by adequate experimental investigation into 
the processes involved. Fundamental work on the mechanism of dry 
friction seems almost non-existent, whilst lubrication has been considered 
as a problem of a property of the lubricant itself rather than as the reduction 
of the force of dry friction. 





* B.1.0.S. Final Report No. 1610 (excluding Bibliography). Reproduced by per- 
mission of the Controller of H.M. Stationery Office. 

+ Research Group on the Physics and Chemistry of Rubbing Solids, Department 
of Physical Chemistry, Cambridge. 
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From what has been said it is understandable that perhaps the greatest 
advance in lubricating theory has been made as a result of the search for 
synthetic molecules to use as lubricants. Research by I.G. Farben. 
industrie (under Dr Hermann Zorn) has been directed with some success 
at relating the properties of viscosity and “oiliness” with chemical 
constitution. 

In the field of fluid lubrication, one of the most important properties of a 
lubricant is the dependence of its viscosity on temperature. By a theore- 
tical and experimental study, several workers, notably Professor Wolf 
and Dr Harms of the University of Halle, have attempted to relate this 
property with the orientation of molecules in liquids as determined by inter. 
molecular forces and molecular structure. 

It is interesting to note that the two main figures in the field took 
opposite standpoints in considering the problem of lubrication. Dr 
Vogelpohl, Head of the Abteilung Reibungsforschung, considered that all 
lubrication phenomena could be explained by the hydro-dynamic theory, 
On the other hand, Professor Wolf of the University of Halle saw the 
question as essentially one of the behaviour of molecules rather tHan of bulk 
properties. The latter school have produced a number of interesting 
theoretical considerations, but experimental results are a little disappoint- 
ing. An attempt by workers under Dr Kluge at the Physikalische-Tech- 
nische Reichanstalt, Berlin, to systemize the enormously diverse methods 
for measuring the frictional properties of lubricants to indicate suitability 
for practical use led to the development of an instrument which yielded 
interesting results in the field of boundary lubrication. Finally the 
extensive work on wear processes by Siebel and Dies deserves mention 
here. 


2. THe MECHANISM OF FRICTION AND LUBRICATION. 


(a) The Mechanical—Physical Approach. 

At the beginning of the war, following on a suggestion by Professor 
Prandtl, the Abteilung Reibungsforschung was set up under Dr Vogelpohl 
in the Kaiser Wilhelm Institut fiir Strémungforschung, Berlin, to work 
exclusively on problems of friction and lubrication. However, because of 
the extreme shortage of staff and destruction by bombing, Vogelpohl’s 
ambitious programme of fundamental research bore very little fruit in the 
form of experimental work. His ideas, however, are interesting and had 
considerable influence in German lubricating circles. 

Vogelpohl lays stress on refining and extending the hydro-dynamic 
theory of lubrication, and believes it possible thereby to explain the whole 
range of lubrication phenomena. He asserts that it is possible to extend 
the Striebeck curve (zn/p related to 1) to conditions of boundary lubrication 
by calculations based on the theory of mechanics. In this view, the 
transition from fluid lubrication to dry friction (boundary conditions) is 
continuous. Any state of friction between solid surfaces can be expressed as 


follows :— 
S = uP = wyPy + voPo 


where P is the total load, P, the fraction of the load borne by fluid pressure 
set up in the oil film, and P, that fraction of the load borne by direct solid- 
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solid contact. , uy, uw» are the coefficients of friction appropriate to the 
pressures P, P;, and P,. It is possible for P; to have any value between 
zero (complete boundary friction) and P (complete fluid friction). The 
value of Py at any instant (which determines ») depends on the viscosity 
of the oil film y. This in turn varies very nearly according to Reynold’s 
theory as follows :— , 

Ny = ne ac A(t o4 t,) 


where @ is a constant characteristic of oil, ¢, ¢, are initial and final tempera- 
tures. Further, the product ye of the specific gravity and specific heat of 
the oil influences the heating of the oil through internal friction. For a 
given geometry of the sliding surface and given sliding velocity, the distribu- 
tion of » and therefore the value of P; will depend on 8/yc. This quantity 
g/yc can therefore be used to characterize the friction-reducing properties of 
any lubricant without recourse to considerations of the adsorption and 
surface forces. To complete the theory it would be necessary to include 
the thermal conductivity of the oil; Vogelpohl has only been able to do 
this in a qualitative way. 

Vogelpohl has used these conceptions to explain why two oils of the 
same initial viscosity, but of different chemical constitutions, may have 
different friction-reducing properties. He points out that viscosity 
distributions caused by heating due to internal friction may be quite 
different. As a result the oil films will not carry equal loads and con- 
sequently will reduce friction by different amounts. Thus the better 
friction-reducing properties of castor oil as compared with a mineral oil 
under conditions of ‘‘ mixed lubrication,” he attributes simply to the better 
heat conductivity of the castor oil. His theory, however, contains no 
consideration of the nature of dry or boundary friction, but merely accepts 
its existence. 

It is obvious, then, that Vogelpohl’s theories led him to believe that the 
elucidation of lubrication phenomena would come mainly by studying the 
effects of temperature, pressure, and shearing speed on the viscosity of the 
oil. Investigations of temperature distribution in thin oil films would be 
very important. Surface forces he considered only important in so far as 
they caused oil supply to be maintained by capillary action at the point of 
lubrication. 

As the starting point for experimental verification of his theory, Vogel- 
pohl considers it essential to make more accurate and reproducible measure- 
ments of friction than have been made so far. For this reason much of his 
attention was directed to examining the causes of inaccuracy and non- 
repeatability in a single-bearing balance with a view to building an apparatus 
without these defects. 

Professor Heidebroek of Dresden, in association with Nuecker, Peppler, 
and others has also carried out extensive investigations into the scope of 
the hydro-dynamic theory. He considers, however, that surface forces 
may so affect the internal order of the molecules of an oil and thereby 
its viscous properties, as to destroy the assumptions which are the basis 
of the hydrodynamic theory. Interesting experiments on the “ break-off 
viscosity ” of oil films which Heidebroek conducted will be mentioned 
later. 
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Finally in this section will be mentioned the work of Professor Niemann 
and others at the Institut fiir Maschinenelemente, Technische Hochschule, 
Braunschweig. The approach of this group to the lubrication problem 
was essentially that of the practical engineer. Their work on the lubrica- 
tion of work-gears is based mainly on calculations of correct tooth-form from 
hydro-dynamic theory and experimental examinations of the anti-pitting 
propensities of different metals and different surface treatments. 


(b) The Physical—Chemical Approach. 


To Professor Wolf and his co-workers—Dr Harms, Dunken, etc, at the 
University of Halle—is due the main attack on the lubricating problem 
from the angle of molecular physics. According to this school all lubrica- 
tion phenomena may be explained by the molecular theory of liquids. 
Consequently this group set themselves the task of relating the mechanical 
properties of lubricants to the orientation and “ packing” of molecules 
produced by forces acting between lubricant molecules themselves and 
between lubricant molecules and surface atoms of the lubricated substance. 

(i) Complete or Fluid Lubrication. For this state, the hydro-dynamic 
theory has provided an adequate explanation in terms of bulk properties of 
the lubricant. The physical property which alone determines this state is 
viscosity and its dependence on pressure, temperature, rate of shear, etc. 
The problem for this school was to determine, in terms of inter-molecular 
forces, the relation between mechanical properties (particularly viscosity) 
and chemical constitution. 

This problem consists essentially of two parts. The first is the arrange- 
ment and “ chemical ” linkage of the atoms in the molecule. The second 
is the arrangement of the molecules themselves as a result of ‘‘ physical ” 
(Van der Waal) forces. The formation of super-molecules by association 
and solvation may play an important role in determining the mechanical 
properties of a liquid. 

The three factors determining the macroscopic properties of a liquid are : 


(i) Intermolecular forces ; 
(ii) size and shape of molecules which make up the liquid ; 
(iii) Brownian movement of molecular particles. 


The intermolecular force is made up of the following components :— 


(a) The directing forces due to interaction between permanent 
molecular dipoles. These are inversely proportional to absolute 
temperatures. 

(6) The induction forces due to interaction between a permanent 
molecular dipole and a polarizable molecule. These are independent 
of temperature. 

(c) The dispersive force due to the oscillating dipoles set up by 
electron rotation in every molecule. 


The viscous behaviour of a liquid depends upon “‘ momentum conduction ” 
between molecules. The intermolecular force described above is precisely 
that through which this ‘“‘ momentum conduction ” occurs in liquids. It is 
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thus obvious that if this force, together with the arrangement of the 
molecules, is known, it should be possible to determine the magnitude of the 
viscosity and its dependence on temperature. This is what Wolf and 
Harms hoped to achieve. 

The experimental methods used by Harms to elucidate the arrangement 
of molecules in liquids were :— 


(a) Molecular weight determinations ; 

(6) density measurements of great accuracy ; 
(c) measurement of heats of mixing ; 

(d) measurement of dielectric constants. 


























Fie 1. 
VISCOSITY—TEMPERATURE CURVE. 


1. Aliphatic hydrocarbon. 
2. Alkylphenylpolyglycolether. 


Results from experimental determinations on simple materials have shed 
considerable light on the general problem. In addition attempts have 
been made to clarify the “‘ packing capacities ” of molecules by using models 
in the form of spheres. It is obvious, however, that much more work, 
particularly with more complex substances, is necessary. 

Harms has derived from his theoretical and experimental studies 
interesting deductions which bear on the main technical problem of fluid 
lubrication—that of discovering a lubricant whose viscosity varies little or 
not at all with temperature. He indicates two possible approaches to the 
solution. In the first he puts forward the possibility that, in a certain 
mixture, the molecules of one material solvated by molecules of the other, 
may cause the decrease in viscosity due to desolvation with temperature 
tise to be counterbalanced by a rise in viscosity due to the resultant 
greater possibility of their association. He believes the flat viscosity- 
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temperature curve for 5 per cent aqueous solutions of alkylphenylpoly. 
glycolether (Fig 1) to be due to this mechanism. 


O CH ATA CH, CH, OH 


fs Oi, NG, raw iN the 


CH, R-C,H,(OCH,CH,), OH 


CH, 


His second method for producing a lubricant with high-viscosity index 
makes use of a multi-phase system. He considers, for example, the simple 
case of a bi-phase system of two components of very different viscosity, 
then by suitable choice of proportion of the components it is possible to 
arrive at a mixture where the automatic temperature-rise-enrichment of 
the phase rich in low-viscosity component by the higher-viscosity com- 
ponent, causes the viscosity of this phase to remain constant with tempera- 
ture. Use was made of this idea to provide an engine lubricant which 
would allow starting under very cold conditions. 

(ii) Boundary Lubrication. In this state of lubrication, forces due to the 
solid surfaces produce great changes in the orientation of the lubricant 
molecules and therefore in the mechanical properties of the oil film. The 
various effects of the surface forces on the lubricant molecules must be con- 
sidered in turn and, if possible, evaluated quantitively. One factor of 
great importance is the adhesion of lubricant molecules to the metal surface. 
Dunken considers that this force is one of the main factors determining 
the effectiveness of a lubricant. To determine this quantity by experiment, 
use is made of the Dupre equation :— 


Energy of adhesion = EF, = o, + 62 —Y42 


where o, and o, are surface tensions of substances 1 and 2, y,, is the inter- 
facial tension between substances 1 and 2. As mercury provides a con- 
venient homogeneous surface, the interfacial tensions with respect to it 
were measured by the drop-weight method and the adhesion energies 
calculated for several types of molecule. Attempts were then made to 
relate these values with adsorption theories and with measurements of 
boundary friction. It was found that in a homologous series of aliphatic 
alcohols, the adhesive energy increased with chain length, while for a 
similar series of acids the adhesive energies were constant with increasing 
chain lengths. These results were explained by considering the modes 
of adsorption of the two substances. The molecule is held to the metal 
surface by interaction between the dipole and its image induced in the 
metal. But the force of adhesion is also increased by an amount depending 
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upon the polarizibility of the molecule. If it happens that the dipole in an 
alcohol is not linear with the direction of greatest polarizibility (i.e., along 
the length of the long carbon chain) then with a short chain the molecule 
will not be oriented perpendicular to the surface. However, as the chain 
length increases, the polarizibility of the molecule increases along the 
chain-length, and there will be an increasing tendency to adsorption with | 
the chain-length normal to the surface. This, in turn, will facilitate closer 
packing of the molecules, and will result in an increase of adhesion energy. 
With acids of similar construction, it is supposed that the permanent 
dipole is in the direction of the greatest polarizibility of the molecule. Then 
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perpendicular packing is possible with all lengths of chain. (The adhesive 
energy should increase somewhat with increasing chain-length, but this 
was not noticed in Dr Dunken’s experiments.) 

Boundary-friction measurements were made by Dunken on a series of 
alcohols, using brass as the lubricated surface, and the measured co- 
efficients of friction were found to be in simple relationship with the inter- 
facial tensions measured against mercury. Similar concordance was 
found with the series of fatty acids and with solutions of fatty acid in 
various liquids. 

Friction measurements were recorded by Professor Wolf, and indicate 
that in a homologous series, uy, decreases with molecular weight while 
saturated hydrocarbons have the lowest wy. He observes that very 
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minute initial additions of fatty acid increase uy, enormously when added 
to pure cyclohexane or heptane; a corresponding decrease in interfacial 
tension is noted (see Fig 2). According to Wolf, the two phenomena are 
related to the fact that, with very low acid concentrations, single molecules 
are absorbed. As the concentration increases, double molecules replace 
the single with a resultant drop in coefficient of friction and increase in 
interfacial energy. No details have been obtained of these friction measure. 
ments. However, a detailed account is given by Dr Dunken of an attempt 
to correlate the extent and strength of absorption of dipolar molecules 
from solutions in cyclohexane, benzene, etc, by various metal surfaces, 
with the coefficient of static friction of the two surfaces. To do this he 
makes the assumption that the value of the coefficient of static friction is a 
direct measure of the degree of absorption of the dipolar molecules. 
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Extending further the theory of adsorption on homogeneous boundary 
surfaces, Dunken amplified Jacquet’s calculation on the orientation of 
dipolar molecules. 

The molecular dipole is assumed to induce an equal and opposite dipole 
in the metal. Then let 1 be the length of the dipole and a the shortest 
distance between the two dipoles. 7, and x, are the potentials of the tan- 


gential and normal positions respectively. ¢ = “* (the position factor) 


t 
measures the preference given to the tangential over the normal position. 
Dunken’s results for dipolar and quadrupolar molecules are shown in 
Fig 3 where the position factor ¢ is plotted against g = //a (reduced dipole 
length). Theoretical reasons are deduced from the calculations why 
films in which the molecules are tangentially oriented are relatively rigid, 
while those of normal oriented molecules are mobile. 

It is interesting to see that the force necessary to destroy the interface, 
adhesive strength, can be calculated from the adhesive energy (calculated 
from interfacial energy as above) by assuming that outside a distance of 
10-8 centimetres (1 A) the molecule cannot be said to adhere. Then, from 


Work ’ 
Distance’ the adhesive strength of a substance can be calculated and 


compared with the tensile strength of the liquid (calculated from the surface 


Force = 
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energy HZ = 2 x surface tension in a similar fashion) and to the tensile 
strength of metals. In this way it is found that the tensile strength of 
the metal is often less than -both the adhesive strength and the tensile 
strength of the fluid. Professor Wolf and other workers consider that this 
explains how in high-speed pistons, etc, pitting of the metal frequently 
occurs. 

The concept of adhesive strength and its importance in lubrication is 
substantiated by some experimental work of Professor Heidebroek of the 
Technische Hochschule, Dresden. His apparatus (Fig 4) is very simple. 
It consists of two smooth plates between which the lubricant is placed. 
The plates are pressed together by a known force, and then pulled apart 
by a lever capable of variable loading (balance beam). A given tensile 
force, ¢, is applied to the surfaces, and the time, ¢, to separate them is 
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DIAGRAM OF ‘‘ BREAK-OFF VISCOMETER. 


measured. The product, to, is a characteristic constant for a given oil, 
depending on the nature of the surfaces and their surface finish. 

As the product to has the dimensions of viscosity, Heidebroek coined the 
name “ break-off viscosity ”’ (y,) for it. Then if 4 is the bulk viscosity, 
the ratio } = n,/n was found to be independent of temperature (Fig 5). 
This ratio is a measure of the adhesive properties of a thin film of lubricant 
relative to the bulk, and is found to vary greatly for different lubricants. 
Thus for an oil of high viscosity and fibrous consistency was twenty-four 
times greater than that for a light mineral oil. The precise significance of 
the value } is not made clear, but Heidebroek suggested that it would give 
information of practical significance for gear lubrication, where the teeth 
are continually ‘‘ breaking-away ” from their entrapped films of lubricant. 
Some tests in a gear apparatus for oil testing did, indeed, show the corre- 
spondence expected from theory between } values and the “ effective life ” 
of the oil relative to a standard oil. 

As has been previously mentioned, Heidebroek and other workers were 
of the opinion that this demonstration of the “ adhesivity ”’ of thin oil films 
may shed light on the phenomena of “ pitting ’’ and abrasion with lubricated 
metal surfaces. 
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Mention may be made here of the preliminary experiments of Dr Morghen 
of the Deutsche Versuchsanstalt fiir Luftfahrtforschung, Berlin, with a 
modified four-ball machine, which he developed to substantiate hypotheses 
on lubrication and wear derived from the Halle school. The instrument 
consists of the normal four-ball bearing, but the upper ball which is loaded 
is mounted on a shaft driven by an air turbine. The method of measuring 
values of y, is to ascertain the supply of air (litres per second) which is 
necessary to produce rotation at uniform slow speed of the upper ball. 
Nothing more than preliminary results to ascertain the working charac. 
teristics of the machine seem to have been obtained. Great accuracy 
and reproducibility are claimed for this instrument. ‘ 
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(iti) P.T.R. Research. Workers at the Physikalische-Technische Reich- 
anstalt, arriving at the conclusion that behaviour under “ boundary” 
conditions was the best criterion of suitability of a lubricant for most 
purposes, designed an instrument which was capable of accurate measure- 
ment of friction, heating, and wear for an oil lubricating metal surfaces in 
this state. Although devised to provide a practical rating of the suitability 
of lubricating oil (particularly for piston-ring lubrication) the instrument 
has provided results of fundamental value. 

The apparatus consists essentially of a disc rotating at controllable speed 
against which is pressed a small pin mounted on an arm with a gimbal. 
The friction force is measured by the small deflection of a heavy pendulum 
which is electrically magnified and recorded. Care is taken to avoid 
reaction of the measuring system with the sliding system. Heating during 
sliding is recorded by making use of the thermo-electric effect of the pair 
of metals in relative motion. Wear measurements are made simply by 
measuring the angular rotation of the gimbal joint caused by a shortening 
of the sliding pin. Special attention is given to producing ‘“‘ matching ” 
finish by a carefully specified lapping process on the sliding surface so that 
pressures are as evenly distributed as possible. It is claimed that the 
instrument works exclusively under boundary conditions; coefficient of 
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friction (accurate to 2 per cent) for a given lubricant depends only on 
temperature, sliding materials, and velocity (when this is very low). 
Investigating the effect of velocity on the coefficient of friction, y,, for 
mineral (non-polar) oils and fatty (polar) oils, it was discovered that at low 
sliding speeds (less than 2 cm per second) y, for fatty oils rose with increasing 
speeds, whereas », for mineral oils fell with increasing speed (Fig 6). 
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Researches on pure substances indicated that the “rising characteristic ’ 
of boundary friction was greater the greater the polarity of the substance. 
Thus in the series butyl iodide, bromide, and chloride, the iodide showed the 
effect strongly, the bromide less so, while the chloride had a slight “ falling 
characteristic ” of boundary friction (Fig 7). All three gave very nearly 
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the same value of u, when the velocity of sliding was raised above 4 cm per 
second. 

Further, investigating pure cetane and solutions containing increasing 
amounts of oleic acid, it was found that the pure hydrocarbon showed the 
highest value of », and a “falling characteristic” with rising velocity, 
while with increasing oleic acid content the solution gave decreasing values 
of yy, while the behaviour with increasing velocity changed from the falling 

3F 
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to the rising characteristic (Fig 8). Investigations with a homologous 
series of alcohols and acids gave further evidence that good boundary 
lubrication was always accompanied by this characteristic rise in the values 
of », when velocity was increased from zero to about 2 cm per second. 

In contradiction to practical experience, it was found that, under 
boundary conditions, the wear with mineral oils was less than that with fatty 
oils. These workers consider that with their instrument, wear occurs 
by the “abrasion of high-pressure peaks ” during boundary lubrication. 
In their view, the higher degree of abrasion occurring with fatty oil under 
boundary conditions is beneficial in that it gives a good bearing surface (by a 
kind of running-in process) in removing “ high-pressure peaks” which 
would lead to much higher wear under “ partial ” lubrication conditions. 
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Dr Kluge therefore distinguishes sharply between two kinds of wear 
processes. The first is the serious wear occurring in a running engine under 
partial lubrication by a “‘ plucking ”’ of particles out of the bearing surfaces. 
The second is the mild “ abrasion” described above which occurs under 
“boundary ”’ conditions. 


(c) The Organic Chemical Approach. 


(i) Synthetic Lubricants. The synthesis of materials which were effective 
for lubrication, which was of such importance to the German war effort, 
involved mainly technical questions concerned with the polymerization of 
low-molecular-weight materials. The relation of chemical structure to 
mechanical properties (particularly flow properties and their variation 
with temperature) was vital information for the chemists involved if they 
were to have any guidance as to the kind of molecules to aim at producing. 

Dr Zorn of the I.G. Farbenindustrie was at the forefront of this kind of 
research. The method employed, essentially that of the organic chemist, 
was to produce by controlled synthesis a series of compounds of which 
the differing molecular structures were known with certainty. Examina- 
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tion of such a series indicated what kind of molecular structure was 
desirable if a certain property was required. Commercial large-scale 
synthesis could then be controlled with a view 40 producing the indicated 
molecule. An excellent account of the I.G. Research is given by H. L. 
West in “‘ Major Developments in Synthetic Lubricants and Additives in 
Germany ” (B.1.0.S. Final Report No. 1611). 

The investigation into the structural forms of chemically homogeneous 
hydrocarbons leading to minimum variation of viscosity with temperature 
(i.e., high viscosity index) produced the following generalization :— 

Straight-chain paraffins have best viscosity index. Branching or 
cyclization of the chain decrease viscosity index in proportion to their 
extent. In general, the nearer a hydrocarbon is brought by cyclization 
or branching to a spherical shape, the lower is the viscosity index. 


A molecular picture may be formed by considering the arrangement 
inside the liquid and the forces involved. Hydrocarbons possess no 
permanent dipoles. Hence the forces between molecules must be mainly 
the dispersive forces due to oscillating dipoles set up in the outer electronic 
shells of the methylene groups in the chain. These are independent of 
temperature, but inversely proportional to the sixth power of the distance 
between the chains. 

The long chains of the molecules will coil and intertwine under the 
influence of these dispersive forces. Thus when the temperature rises, the 
increased Brownian movement, which normally results, is considerably 
hindered. The distances between molecules do not increase greatly, 
and the force between the chains remains roughly constant. It is thus 
assumed that the intermolecular friction on which bulk viscosity depends 
retains a high value with increasing temperature. In other words, the 
viscosity index of the fluid is high. 

If this is a true picture of the behaviour of the molecules, then it is 
clear that anything that holds the chains apart will decrease the dispersive 
forces and reduce the viscosity index. In practice this is found to be so. 
Any side branching on the long hydrocarbon chain (even a single methyl 
group) causes considerable lowering of the viscosity index. 

Starting from known good lubricating qualities of castor oil, I.G. Farben- 
industrie conducted extensive research on the value as lubricants of 
synthetic esters, the aim being to produce an ester with high thermal 
stability, good miscibility with other lubricants combined with better 
lubricating ability than mineral oils. To this end over 3500 esters were pre- 
pared and examined. 

In one series, it was sought to diminish the thermal instability caused by 
the secondary hydroxyl group in the glycerol present in animal and 
vegetable oils by using esters based on the trihydric alcohol. 


CH,OH 
CH,-C—CH,OH 
H,OH 
This aleohol, which contains only primary hydroxyl groups, is esterified 


with fatty acids (stearic, oleic acid, etc), to give lubricants with improved 
thermal stability and good lubricating properties. 
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Many esters based on adipic acid were produced ; in the following series, 


increasing chain length was obtained by progressive coupling with ethylene 
oxide to the isonony] alcohol. 


Bion’ 

(a) « C,H,,0CH,CH,-O-C-(CH,),-C-O-CH,-CH,-0- i C,H, 
oO Oo 

(b) ¢ CyH,9(OCH,CH,),-O-C-(CH,),-C-O(CH,-CH,-O), ¢ CyHy, 

(c) ont, j00nol;-0-6 40m, C-O(CH,-CH,-O), i C,Hy, 


9? ? 
(d) ¢ C,H,,(OCH,CH,),(0-C-(CH,),-C-O(CH,-CH,-O), « C,H, 
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Here the viscosity index increases with chain length; the pour point 
increases also as would be expected from the generalization. given above. 
It is interesting to note also that the value and dependence on temperature 
of the boundary coefficient of friction, »,, for a member of the series 
decreases with increasing molecular weight. Wear measurements under 
these conditions give an exactly opposite rating of the esters (Figs 9 and 10). 
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The following two pairs of esters are also interesting in showing the 
effect of the methyl side branch in decreasing viscosity index, lowering pour 
point, and lowering 4 :-— 


“ce ” 


Pour m 
Mol. wt. point. value. 

(e) n CsH,,00C-CH,CH,CH,CH,-COO n C,H,, 370 — 8°C 3-0 

(f) » CsH,,00C-CH,CH CH,CH,-COO n C,H,, 384 —48° © 3-1 
CH, 

(g) n Cy,H,,00C-CH,CH,CH,CH,COO n C,,H,, 482 +12°C 2-8 

(h) n C,,H,,00C-CH,CH CH,CH,COO n C,,H,, 496 —43° C 2-9 
CH, 

(N.B.—‘‘ m ” values are inversely proportional to viscosity index.) 





3 























20 —\—> EC. 100 
Fie 11, 
3 
h 
0.2 
, 
< 
i) 
bd t 
0-1 ae 
20 ——— ‘00 
Fie 12. 


Results are shown in Figs 1l and 12. This seems to indicate the importance 
of the dispersive forces in the lateral adhesion necessary for good boundary 
lubrication. 
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Rather late in the war (1944), Dr Zorn started investigations, using the 
Langmuir trough, of the orientation of some of the esters on water. He 
found, contrary to expectations, that dibasic esters of the adipic acid type 
oriented with one C = O group in the air and the other on the interface as 


follows :-— 
: ee 
»o¥ a ae a ‘aa 


Expected. Found. 


It would be interesting to compare these results with Dunken’s calcula- 
tions of orientations of dipolar molecules. Further information on this 
work is very scanty, but it is said to have been extended to adsorption on 
solid metal surfaces. 

(ii) Additives. Work in Germany on oil additives for improving load- 
carrying capacity, decreasing friction and wear, though extensive, has 
produced few fundamentally interesting results. Extensive synthetic 
and testing work was carried out by I1.G. Farbenindustrie (see report by 
H. L. West, B.I.0.S. No. 1611). 

Perhaps the most interesting.work was carried out by a large working 
group under Professor Glocker of the Institut fiir Metallphysik at Stuttgart. 
Inspired by the reports of Beeck, Givens, and Smith (Prec. Roy. Soc. A, 
1941, 177, 90) a large number, over fifty, of suitable phosphorus compounds 
were synthesized and tested. The instrument initially used was the Siebel- 
Kehl wear machine which will be described later. This instrument works 
under conditions of partial lubrication (u = 0-01), and gives results which 
were found to tie up well with practical performance. Other test instru- 
ments—Boerlage’s four-ball machine and Wewerka’s gear-testing machine— 
were also used. 

In a detailed thesis, G. Miiller finds that, for E.P. activity, the molecule 
must contain :— 


(a) A phosphorus atom ; 

(6) another active group, e.g., Cl or OH (for attachment to metal 
surface) ; 

(c) at least one aryl or alkyl group (e.g., phosphoric acid itself is not 
active). 


Thus the following compounds have good E.P. activity :— 


Om Ora 
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Of these < > ~~, phenyl phosphinic diphenyl ester, proved 
wt Nl 


the best for practical application. I.G. Farben’s research on similar 
phosphorus compounds resulted in the production of the compound 


om 
a 


a“ y~ \NH-C,,Hy5 


which possesses comparable activity. 

Having discovered some useful additives, attempts were made to 
correlate their behaviour with other measured properties. An early theory 
attributed activity to enhanced acidity. In particular, the high activity 
of the compounds in which Cl was substituted in the para position in the 
benzene ring was thought to be due to the known acidity-increasing pro- 
perties of Cl in this position (e.g., the p-chlorphenols). However, pH 
measurements on various compounds did not support this theory. Next an 
attempt was made to correlate the activity with degree of adsorption. 
An assessment of relative adsorptions by the reduction of additive concen- 
trations observed on shaking with iron powder was useless in this respect. 
Neither did the Collingridge method of measuring travel rate of oil drops 
over a glass plate (indicating contact angles) shed any light on the problem. 
Adherescope, surface-tension, and boundary-friction tests all failed to give 
reproducible figures for assessing the usefulness of these additives. Finally, 
use was made of the method of the Bataafsche Petroleum Maatschappij. 
In this method the degree to which dilute sulphuric acid reacts with iron 
powder, which has been treated with the examined oil, is used as a measure 
of relative degree of adsorption. This method did appear to afford results 
which indicated the usefulness of an additive. Further light on the 
mechanism of the action of the compounds was given by careful interfero- 
metric investigations of bearing surfaces run with pure oil and with oil plus 
additive. This showed that the running-in process in which the surface 
peaks are removed (probably by the formation of low-melting-phosphide 
films—chemical polishing) is considerably aided by the additives. Con- 
firmation of the view that the additives modify the surface favourably, 
was given by the fact that a surface run under oil plus additive, which 
was then cleaned and flooded with pure oil, had very much better load- 
carrying capacity than a surface run with pure oil from the outset of the 
test. However, no detailed picture of the mechanism of the action of these 
phosphorus-containing E.P. additives was given by the work of the Glocker 
group. 

3. WoRK ON WEAR AND Dry FRIcTION. 


(a) Mechanism of Wear. 


Although the greater part of German research during the war years on 
friction, lubrication, and wear was necessarily devoted to ad hoc problems 
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relating to immediate service requirements, a certain amount of basic 
research was carried out on the mechanism of metallic friction and wear, 
notably by Siebel in Berlin and Dies in Essen. Siebel developed a friction 
apparatus which is of considerable value in both applied and basic investiga. 
tions. In this apparatus a ring of one test metal is mounted on a vertical 
spindle revolving at controlled speed. A fixed ring of similar diameter of 
the other test material is pressed against the upper ring by means of a lever 
and sliding weight. This lower fixed ring has three small “ feet ” raised on 
its upper surface in order to increase the pressure between the sliding 
surfaces. A device for measuring the coefficient of friction is attached to 
the lower ring (see Fig 13). 


Fie 13. 
SIEBEL—-KEHL WEAR APPARATUS. 
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(i) The importance of frictional heating. In one of his experiments Siebel 
measures the temperature between sliding surfaces using inserted thermo- 
couples and extrapolates back to determine the temperature of the actual 
rubbing surfaces. He finds that the surface temperature increases with 
speed and load, but with surfaces such as zinc (on steel) or bakelite (on 
steel) the temperature reaches an upper limit which cannot be exceeded. 
At this temperature, which corresponds to the melting point or decom- 
position temperature of the rubbing material, a sudden decrease in friction 
is observed. Lubrication is thus effected by a surface film of molten 
metal (or decomposed material) which is localized in a very thin film on 
the rubbing surfaces (Schmeltzflussschmierung). These results are, in 
effect, a simple extension of early work in England on the surface tempera- 
ture of sliding metals, and on the lubrication of ice by a thin surface layer 
of water produced by frictional heating. 

In another series of experiments, his major research work during the 
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war, Siebel measures the friction between five different gun-barrel steels and 
over thirty different alloys (including the Pb/Sb, Al/Mg, Al/Zn, Al/Si, Cu/ 
Zn, Ag/Cu/Zn/Cd, Al/Pb, and Cu/Bi series), at surface speeds of the order 
of 2000 f.p.s. and at mean pressures of the same order as those occurring 
between the driving band and rifling of a gun. He finds that the coefficient 
of friction is very small, about 0-1 compared with a value of about 0-44 
for slow speeds of sliding. This effect is again attributed to surface 
melting, and Siebel suggests that in the passage of a shell through a gun 
barrel, the extremely high surface temperatures produced by friction 
between the driving band and rifling are the decisive factors in deter- 
mining the frictional and wear properties of the rubbing surfaces. Fig 14 
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shows results for a zine alloy rubbing against a typical molybdenum steel 
used for gun barrels. For low surface pressures (100, 200 kg/cm?) the 
temperature measured by a thermocouple inserted just underneath the 
lower rubbing surface shows a steady increase during the test time. With 
higher surface loading, the temperature tends to a constant value (assumed 
to correspond to the melting point of the alloy). From the graphs it may be 
seen that the coefficient of friction for the two lower surface loadings shows, 
predominantly, a rise, while for surface pressures above 300 kg/cm? the 
friction falls to a low value after a short time of running. 

Glocker, Richter, and Hendus have used the Siebel-Kehl apparatus 
and the method of electron- and X-ray-diffraction to decide whether 
the “ Beilby-layer ’’ formed when bearing surfaces run together is merely a 
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mechanical smoothing out of surface asperities, or whether there have 
been changes in the atomic order of the surface. A careful investigation 
on tin, selenium Rose metal, indium, gallium leads to the lattér conclusion. 

(ii) The nature of metallic wear. In analysing the mechanism of wear, 
German writers make a clear distinction between abrasive wear and wear 
occurring with seizure. The first type is concerned with a slow but 
gradual removal of metal; the rubbing surfaces remain relatively smooth 
and the surfaces can continue running until they are entirely abraded away, 
The second type is much more drastic and results in extremely heavy 
surface damage. Most of the basic work on wear has been concerned 
with abrasive wear. Siebel suggests that wear is both a mechanical and 
physico-chemical process. When surfaces rub together they touch, in 
general, only at a few points. If one of the surfaces is very much harder 
than the other the softer surface is scratched away by the hard asperities. 
In this way material is abraded, and the soft metal surface is progressively 
fatigued. In some cases this may lead to the flaking off of relatively large 
portions of metal, in others to work-hardening and a reduction of wear. 
When the surfaces are of equal or comparable hardness, he postulates 
a migration of metallic ions at the points of real contact, so that at these 
regions there is a transfer of metal which may proceed in both directions. 
This leads to the formation of small portions of metal which are weakly 
attached to the surface; at a later state they are removed as abraded 
material. With similar metals this migration and transfer is more marked 
and both metals are heavily damaged. It is interesting to note in this 
work that the simple conception of metallic junctions, formed as a result 
of the local high pressures, is not used ; nor is there a clear indication of the 
detailed nature of surface damage, an investigation of which has been used 
with some success in England to explain the abrasion of hard metals by 
softer metals. 

Siebel points out that high temperatures developed as a result of frictional 
heating may profoundly affect the forces of adhesion at the points of real 
contact as well as the intrinsic wear resistance of the metal surfaces. These 
high temperatures may also produce high temperature gradients in the 
rubbing surfaces, with a subsequent weakening of the surface layers by 
thermal stresses. In addition, high surface temperatures will reduce the 
stability of adsorbed layers of gases and lubricants and increase chemical 
reactivity. 

In general, absorbed surface gases such as CO, and O, reduce the abrasive 
wear enormously, presumably by reducing the amount of intimate metallic 
contact. Lubricants are presumed to spread the load more evenly on the 
rubbing surfaces and so reduce the amount of localized abrasion. 

For unlubricated surfaces, Siebel points out that the coefficient of friction 
for the widest range of metals does not vary by more than a factor of 2, say, 
from 0-3 to 0-7. Under similar sliding conditions, however, he finds wear 
rates varying by a factor of almost 1000 to 1. 

Another series of experiments by Mailander and Dies again confirms the 
view that chemical processes are at least as important as mechanical 
processes in wear. They used the Siebel apparatus to investigate the wear 
of unlubricated surfaces as a function of load, speed, and “ surrounding ” 
atmosphere. Two types of wear are distinguished, which they name 
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“abrasive wear ” and “ seizure wear.” With similar metals (e.g., soft iron 
on soft iron) seizure wear, with extensive tearing of the rubbing surfaces 
and marked vibrations set up in the sliding mechanism, occurs even at the 
smallest loads (see Fig 15 (6) ). Dies confines his investigations within the 
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region of “ abrasive wear,” where the surface damage is much less marked 
and the surfaces can run until completely worn away. With soft iron 
sliding on hard chrom-steel, this involves working at surface pressures 
below 30 kg/em*. With this combination of metals, Mailander and Dies 
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found a decrease in wear at a critical load or speed implying a transition 
from one type of wear to another. The fact that this critical load increases 
when the surfaces are cooled by a circulating-coolant system and decreases 
with increasing speed, leads to the view that the transition from one 
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type of wear to the other is determined largely by the surface temperatures 
developed in sliding. The temperature of the surface determines the 
chemical nature of the wear products. For the lower loads, the wear pro- 
ducts are mainly ferrous oxide, FeO, and metallic iron. Beyond the 
critical load, the amount of metallic iron becomes very small and ferric 
oxide, Fe,0,, makes up the greatest part of the wear products (Fig 16). 
The relation between surface hardness and wear is interesting. Mailander 
and Dies found that the surface hardness of the rubbing materials was 
slightly greater than the bulk hardness below the critical load. Above this 
load, the surface hardness becomes very much greater than the bulk 
hardness. This phenomenon is attributed partly to the penetration of 
nitrogen into the surface layers to form the hard “ nitrided layer.” These 
workers conclude from experiments in which hard chrom-steel wears 
away a series of plain carbon steels, that, in general, wear decreases with 
increasing hardness. A martensitic structure has a smaller wear than a 
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pearlitic structure, a laminar pearlitic a smaller wear than a granular 
pearlitic structure. 

The effect of various surrounding atmospheres on the wear phenomena 
was investigated by Dies (Fig 17). The role of oxygen and nitrogen has 
been mentioned. His results show that water vapour has an extremely 
marked effect on wear. When the surfaces are rubbed in air at 3 mm 
pressure, where the oxygen and water-vapour concentrations are small, 
wear is reduced to a twentieth part of that in atmospheric air. These 
investigations, incomplete theugh they are, indicate the necessity for very 
much more stringent control of conditions than has been usual in carrying 
out wear measurements. 

Dies has studied fretting-corrosion, and the part played by the oxides 
formed by frictional heating. He has shown that the wear is often 
dominated by the specific properties of these oxide films. He observed 
that aluminium produces heavy wear on a hard steel, while magnesium 
produces very little wear. Even more striking, a soft metal, tin, produces 
higher wear than a hard steel slider on the same chromium steel. These 
results he relates to the hardness of the metal oxides which will be formed 
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and take part in the wear process. Thus aluminium produces a very hard 
oxide, alundum, particles of which, embedded in the softer metal, form an 
efficient lap for wearing away the surfaces against which the aluminium 
rubs. On the other hand, although magnesium metal has physical pro- 

rties close to those of aluminium, its oxide is quite soft. Consequently 
the wear with magnesium is low. The higher wear of hard steel by tin 
than by steel is explained by the hardness of its oxide relative to iron 
oxide. A table of Moh hardness numbers of various metals and oxides 
used to interpret his wear results is given by Dies (Fig 18). On a related 
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phenomena, an interesting paper by Hampp throws light on the “ false 
brinelling ” of ball races. It is found that continuous vibration of balls in 
races, at normal atmosphere, leads to rapid formation of small impressions 
where the balls touch the races. Hampp attributed this to the breaking 
up of the oxide film at the points of contact of ball and race leading to 
exposure of fresh metal surface for attack by oxygen, carbon dioxide, and 
water vapour. A lubricant film which can exclude these substances leads 
to a marked reduction in the amount of “ false brinelling.”’ 

A different line of wear investigations for lubricated surfaces has been 
carried out by Halder at Oppau. Most of this has been concerned with the 
practical selection of materials and lubricants which give the smallest 
abrasive wear. There is, however, one general conclusion, derived from 
many years of work during the war years, which is of wider interest. He 
finds that if he compares the wear obtained with lubricants of the same 
type (e.g., synthetic esters), the lubricants which give the lowest coefficient 
of friction in general give the highest abrasive wear, and vice versa (cf the 
measurements of wear under boundary conditions by Kluge on the P.T.R. 
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instrument). He suggests that lubricants giving a low coefficient of friction 
provide a protective film between the surfaces; these films adhere very 
strongly to the metal, and so reduce the amount of intimate metallic 
contact. The adhesion of the lubricant film, however, appears to be so 
great that with a large shearing force acting on the oil film, metal is torn 
from metal rather than oil from metal. As the sliding proceeds, there is a 
continuous reformation of the protective lubricant film, so that the reduced 
friction is accompanied by an increase in the amount of metal abraded, 
This view has also been expressed by Dr Kindscher (St M.P.A. Berlin), 
and may be connected with Heidebroek’s work on the “ break-off viscosity ” 
of lubricants. 

Halder finds that with the active lubricants containing oxygen or sulphur, 
the smaller coefficient of friction observed is again associated with an 
increase in the amount of abrasive wear. In this case he suggests that the 
protective film is formed by chemical reaction with the metallic surfaces 
and is continuously removed and reformed during sliding. As a result, the 
friction may be low, but the amount of chemically combined metal removed 
from the rubbing surfaces will be relatively high. 


4. LuBRICANT TESTING. 


The necessity during the war of rapidly assessing the performance of a 
large number of lubricants and additives led to the utilization of a large 
number of instruments for measuring, in one way or another, lubricating 
properties. Naturally, the aim was nearly always to produce results 
which would enable an evaluation of the material as a practical lubricant. 
This aim does not seem to have been achieved by any worker. The 
general testing practice seems to have been to test each lubricant on a large 
number of different laboratory instruments and hope thereby to obtain a 
satisfactory average answer. 

Two main types of instruments were developed. The first comprises 
laboratory apparatus for simplified tests for assessment of practical per- 
formance. In some cases, this type of apparatus has proved suitable for 
investigation of friction, lubrication, and wear. The second is a more 
practical type of equipment, where the conditions attempt to correspond 
more closely in a simplified form to those operating in the actual machine 
for which the lubricating material is intended. It is often a comparatively 
large piece of engineering equipment, and scarcely comes within the scope 
of this report. 


(A) Small-scale Apparatus.. 
In this field the apparatus developed may be grouped under three main 
headings :— 
(i) Apparatus to measure boundary friction ; 


(ii) apparatus to measure abrasive wear ; 
(iii) apparatus to investigate seizure and its prevention. 


Some instruments are claimed suitable for two or even three of the above 
purposes. None of them are of particular originality. 
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(a) The P.T'.R. Instrument, for measuring friction heating and wear under 
boundary conditions has been described earlier. 

(b) Charron Apparatus. This is a modification of the apparatus 
developed in France in 1937 by Charron. Essentially, it consists of a slowly 
rotating cylinder over which is hung a chain (or in later models a fine 
wire). One end of the chain is fixed, the other is attached to a spring or 
balance, the pull at this end being a measure of the friction between the 
chain and the surface of the cylinder. On account of the slow sliding 
speeds and the relatively high load over a small area of contact, the 
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conditions are those of boundary lubrication. The sliding positions are 
immersed in a temperature-controlled bath of the lubricant under examina- 
tion. This apparatus thus provides a simple means of measuring the 
coefficient of friction between various materials over a range of tempera- 
tures, when lubricated with various lubricants. 

(c) The Almen—Wieland Apparatus. This is a primitive bearing machine 
in which a steel shaft rotates in a split bearing. The shaft can be loaded by 
various amounts, and the torque on the bearing is a measure of the friction 
between bearing and shaft. This apparatus is considered suitable for 
testing different lubricants and bearing materials. 
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(d) Ball and Disc Apparatus. This consists of a hard steel ball which 
runs in a conical seating made of various materials. The torque on the 
seating measures the friction. 

Figs 19 and 20 show diagrams of these last three instruments and typical 
results obtained with them. 

(e) Morghen’s Modification of the Four-ball Machine. In this the motor 
is driven by an air turbine and is claimed to work in a non-hydrodynamic 
region. This apparatus has been described earlier. 


(B) Apparatus for Measuring Wear. 

German literature makes a clear distinction (see section on wear and dry 
friction) between abrasive wear and wear occurring with seizure. The first 
type deals with a slow but gradual removal of material; the rubbing surfaces 
are relatively smooth and serious damage is not apparent. The second type 
is much more drastic and produces extremely heavy surface damage. 


Electric Drum with steel 
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(a) Simple Wear Apparatus (Technische Priifstand 1.G.Oppau). Fig 21. 
In this apparatus a drum lined with a hard steel band is set in reciprocating 
motion, turning a half revolution forward and backward at about 160 strokes 
per minute. A cylindrical ‘‘ wear ” pin presses against the underside of the 
steel band, the load being applied by a lever. The rubbing surfaces are 
immersed in the oil to be examined, and the whole can be heated electrically. 
The wear of the pin is measured by its decrease in length. 

Electrical measurements of the resistance between the rubbing surfaces 
show that at the ends of the stroke there is a low resistance corresponding to 
boundary lubrication. At the middle of the stroke, the resistance is variable 
and sometimes reaches infinity, showing that conditions are those of fluid 
lubrication. The apparatus is considered suitable for measuring the wear 
resisting properties of various lubricants for different metals. 

(b) Grinding (‘‘ Einschliff”) Apparatus. Here a hard metal disc is 
rotated against a test cylinder pressed against it with known load by means 
of an elbow lever. The oil under test drips on to the place of contact 
(Fig 22). The length of slot worn out of the test cylinder is a measure of 
the ability of the oil to prevent “ grinding ”’ wear. 

The apparatus is not unlike the Timken apparatus, and it is claimed that 
its results are applicable to the selection of cutting oils and machining 
lubricants. 
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(c) Siebel-Kehl Wear Apparatus. This has been described already. It 
was used considerably for wear measurements and for testing running-in 
additives in oils. 
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Load Test cylinder wiper 
Fig 22. 

GRINDING APPARATUS. 





(C) Apparatus for Investigating Seizure and its Prevention. 


(a) The Almen—Wieland Apparatus. This apparatus is described above. 
The load is increased until seizure occurs. 

(b) The Four-ball Machine. This is essentially a copy of the Boerlage 
instrument developed in Holland. It is particularly useful for investigating 
gear lubricants. 

(c) ‘‘ Falex”’ Machine. Use was made of a copy of the American Faville- 
Levally oil tester. 


(D) Practical Equipment and Engine Testing. 

Mention will only be made by name of the gear-testing rigs of the Zahnrad 
Fabrik (von Soden), Wewerka, and Heidebroek. For bearing testing the 
Almen-Wieland and Falex apparatus were used. 

Single-cylinder test engines were used for investigation of ring sticking. 
This occurs when oil detritus lodges between the ring and piston seating in 
internal-combustion engines. Laboratory experiments on the chemical 
and thermal decomposition of a lubricant do not as a rule give a satisfactory 
indication of its ring-sticking performance in an engine. For this reason a 
large number of tests were carried out in various natural and synthetic 
lubricants. The greater part of these investigations used the B.M.W.-132 
single-cylinder engine, the criterion of ring sticking being determined by the 
stage at which power-output of the engine fell and blow-by increased. The 
general view of this work was that lubricants which proved satisfactory in a 
test engine usually gave satisfactory results in a real aircraft engine. The 
opposite was not necessarily true. Several laboratories developed modified 
test engines, but no sweeping claims were advanced as to their complete 
reliability. Further details of German oil-testing techniques can be 
obtained from the papers mentioned in the bibliography. 


5. Om. DETERIORATION. 


Little work of a fundamental nature seems to have been produced in 
Germany during the war on the ageing of oil. The main preoccupation 
seems to have been with the question whether or not an oil causes ring stick- 
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ing in an engine after running for some time. Considerable energy was 
given to “ ring-sticking tests” in simple (single-cylinder) test engines to 
provide convenient and rapid indication of behaviour in full-scale engines, 
But even this line of investigation was not very successful. 

The main fundamental work on the chemistry of oil ageing appears to 
have been carried out by von Philippovitch and Morghen at the D.V.L. in 
Berlin. The approach used was to study the various “ functional ”’ groups 
formed at intermediate stages by thermal oxidation under various conditions 
(of temperature, available oxygen, presence of catalysts, etc). Substances 
containing these groups are then extracted, and their behaviour in polymer 
formation leading to gums, asphalts was studied. The following figure 
shows in simplified form the main types of oxygen compounds found in an 
aged oil and their estimation. 
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This type of investigation was carried out with both the complex mixtures 
which are the natural and synthetic lubricating oils used in practice and 
also with “model” simple substances of a similar nature, e.g., cetane, 
3-p-menthene, etc. Chromatographic analysis was used in an attempt 
to separate, often in a state of purity, the various oxy-compounds formed. 
This method, requiring very much time, was still in a state of development. 
It resembles the method developed during the war years at the Royal 
Aircraft Establishment at Farnborough. 

Morghen describes an all-glass apparatus which was used to “ age ”’ oil 
under controlled conditions. In this, large volumes of air are led over the 
oil with varying speeds of air flow and with different deflecting surfaces. 
By working at low temperatures, the oil and volatile compounds formed are 
prevented from evaporating. This work appears to have been much 
slowed down and has added little to the understanding of oil-change in 
practice or of prevention of ring-sticking and gumming in engines. 


CRITICAL SUMMARY. 


This survey is naturally incomplete, but does, it is believed, reflect the 
main general trends in this field of German research. One of the most 
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striking characteristics of German war-time research on friction, lubrica- 
tion, wear, etc, is that in almost every case it was dominated by practical 
needs. Thus, there was great emphasis on engine testing, laboratory 
assessment of lubricants by empirical experiments, etc. 

In the theoretical field, very little basic work was carried out on the 
mechanism of metallic friction. Ideas expressed on the subject are often 
hazy and involved. No German worker appears to have made use of the 
simple concept of metallic junctions formed by “ pressure welding ” 
between the sliding surfaces. These junctions, which play a fundamental 
part in the mechanism of metallic friction, have been clearly described by 
workers in England, Australia, and America. Nor has there been any 
detailed attempt to examine the nature of surface damage in terms of the 
frictional processes. This omission is particularly striking in view of the 
extremely fine fundamental work on metallic wear carried out by Siebel 
and Dies. These investigations which stress the importance of surface 
temperature and the role of the surrounding atmosphere in promoting 
surface reactions (oxidation, nitriding, etc) compare favourably with 
similar work carried out outside Germany during the same period. 

In the field of boundary lubrication there seems to have been general 
acceptance of the view that strong physical adsorption and good orientation 
of the lubricant molecules are the only essential conditions for effective 
boundary lubrication. This view has been strongly reinforced by the 
theoretical work of the Halle school on the molecular forces between 
lubricant molecules. It is significant, however, that in relating these 
theories to the lubricating properties of polar materials, such as fatty 
acids, no reference has been made to the frequent occurrence of chemical 
reaction between the lubricant and the metal surface. Research during 
the same period in England and Australia shows that it is the metallic soap 
so formed, and not the fatty acid in itself, that provides the effective 
lubrication observed. In the experimental investigation of boundary 
lubrication, very little use has been made of the Langmuir—Blodgett 
monolayer technique, nor has there been a systematic examination of the 
molecular orientation of the lubricant film by means of electron diffraction. 

Perhaps the most successful combination of theoretical work and 
practical needs occurs in the field of synthetic lubricants. Here the selection 
of a lubricant possessing the requisite properties was essential before large- 
scale production could be undertaken. Zorn carried out some extremely 
important work which showed that the introduction of certain radicals and 
specific side chains in the molecule had a profound effect on pour point, 
viscosity properties, and lubricating properties. As a result, he was able to 
select and manufacture synthetically, lubricants that compare favourably 
with the best natural lubricants found in other parts of the world. 

It is clear from this survey that a considerable amount of basic work 
of great interest and importance was carried out in Germany during the 
war years on friction, lubrication, and wear. It is, however, evident that 
the greater emphasis was placed on research which could serve, ag 
immediately as possible, the needs of the German war machine. 
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DISCUSSION. 


J.C. McNicot : I should like to ask if Dr Tingle could say how the hard- 
ness of the oxide-coated surfaces in the last experiments discussed in the 
paper was measured?! How was the wear-debris from the surfaces collected ¢ 


Dr TincteE: The hardness of the oxide was not measured in situ on the 
surface. The values shown in Fig 18 are the scratch-hardnéss values on 
the Moh scale of the oxides in massive form, as they occur in minerals, 

The wear products from the rubbing surfaces were collected in slots cut 
for that purpose in the lower test-piece. 


D. L. Samvuet: I should like to congratulate Dr Tingle on the amount 
of detailed work he has done in studying this information from Germany. 

I am interested in the apparatus illustrated in Fig 4 of the paper, for 
measuring adhesion, where two flat surfaces are pressed together and then 
pulled apart by a given tensile force, the time to separate them being 
measured. I am wondering exactly what the results mean, because | 
imagine that quite a lot depends on the state of the film of lubricant between 
the two plates. If it is of macro thickness you are separating oil molecules 
from oil molecules, and adhesion enters into it only to a minor degree, 
whereas if the film is very thin, adhesion plays a greater part. 

With regard to the curve in Fig 5, where we have 7, and 7 plotted against 


Ne 


temperature, and the ratio is given y = -*, it seems to me that the units 

should be reversed, that on the left we should have 1000 7, and on the 
. 1 

right 000 7° 


Another matter which I find very interesting is the effect of speed on the 
coefficient of friction when comparing a non-polar and a polar oil. The 
diagram in Fig 6 shows that, as the speed of sliding is increased up to 
about 2 cm/sec the coefficient of friction decreases for the mineral (non- 
polar) oil, and increases for the fatty (polar) oil. We can possibly explain 
the decrease in the case of the mineral oil by the building up of the wedge 
effect when the surfaces are moving, but can Dr Tingle give any explanation 
from his own work as to the increase of the coefficient of friction in the case 
of polar materials. 

I would also like to refer to the very interesting diagrams in Figs 9 and 
10, where, with a series of esters, it is shown that the lower the coefficient of 
friction the greater is the wear. That seems very unusual; I would have 
expected that, as the coefficient of friction decreased, the wear would 
decrease. The explanation given in the penultimate paragraph of section 3 
of the paper is not adequate, in my view. This explanation is that the 
adhesion between a lubricant film and the metal is so great that there is a 
tendency to remove metal rather than to remove oil, and therefore, as the 
lower coefficient of friction means better adhesion, more metal will be 
removed. But I should have thought that if one had a film giving a very 
low coefficient of friction, the work done on it during sliding would be less 
than with one giving a higher coefficient of friction, and, therefore, that the 
wear would be higher with a film giving a higher coefficient of friction. 


Dr E. D. TinatE: You mention the difficulty of interpreting the results 
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obtained with the ‘‘ break-off ” viscometer. Professor Heidebroek himself 
does not claim to have interpreted them fully. It is clear, however, that 
the results obtained cannot be explained in terms of bulk viscosity. Oils 
of the same bulk viscosity are found to have different “ break-off ” viscos- 
ities. Heidebroek therefore infers that the molecular arrangement in the 
thin films concerned is of a special kind and different from that in the bulk 
of the oil. As to the thickness of the oil film, a sufficiently high load is 
applied and sufficient time is allowed to ensure that only a “ boundary ” 
film remains. I cannot recall any measurements of the thickness of the 
oil film used in the tests. 


Pror. J.S.S. Brame: Why refer to the instrument as a “ viscometer ” ? 


Dr TINGLE: It is not a viscometer, but a “‘ break-off viscometer.” The 
product ts which is measured, the “ break-off viscosity,” has the dimensions 
of viscosity. It is quite distinct from bulk viscosity, although related to 
it: %_ = $n, the constant } being independent of temperature. 

The explanation of the reduction of friction with the mineral oil and the 
rise in friction with the fatty oil when the velocity between the rubbing 
surfaces is increased is not clear. The effect is, however, well known. The 
“ stick-slip ’? motion noticed by Dr Bowden with mineral oil depends upon 
this relation between velocity and coefficient of friction. If the static 
friction is higher than the kinetic, then you get “ stick-slip ” motion if the 
sliding system will permit. If the static friction is equal to or less than the 
kinetic friction, smooth sliding ensues. 

It is possible that, as Mr Samuel suggests, the facilitation of hydrodynamic 
lubrication by increasing speed is a factor when the friction decreases. The 
increase in friction noticed with fatty oils may possibly be due to a partial 
destruction of the boundary layer at higher speeds. There are almost 
certainly several factors, however, and no simple explanation will suffice. 

The reversal of the order of wear with coefficient of friction is reported 
quite often by German workers, so that it would appear to be a general 
effect. Again there is no very clear explanation. If the differences had 
been noted with lubricants which could be expected to react with the 
surface, then I think a reasonable explanation could be given, that the 
chemical reactivity helps the wear under boundary conditions. But the 
curves in Figs 9 and 10 relate to esters, which, as such, cannot possibly 
react chemically with the surface. There is the possibility that acidic 
decomposition products of the materials have something to do with it, 
but the matter needs further investigation. 

Finally the viscosity and break-off viscosity in Fig 5 are represented in 
kgm/sec/m-? units. They are as Heidebroek gave them. 


V. Biske: Has the “ break-off ’ viscometer been used for dealing with 
extreme-pressure lubricants and, if so, do the results show any difference 
between extreme-pressure and ordinary lubricants ? 


Dr TrncuLE: Yes, the instrument has been used to evaluate the influence 
of special additives such as sulphur compounds, esters, and soaps. Con- 
siderable differences were found between oils containing such additives 
and plain mineral oils. For example, one oil mentioned which had a 
stringy consistency and therefore probably contained a soap gave a value 
of » twenty times as high as that for an ordinary mineral oil. 
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H. L. WEst, presenting the following paper, said< I would preface the 
introduction of the paper by some remarks on how some of this material 
was collected. The work was planned as an intelligence operation, to 
enable us to obtain some information which might be of use in continuing 
the war against Japan. But Japan ceased fighting rather quickly, and that 
explains the more or less sudden end of some of the work. Germany also 
collapsed rather quickly, making it difficult to keep pace with discovery of 
fresh material. 

The rate of collection of material was enormous. I first came into this 
work when we had received something like 700 reports from the I.G. 
Ludwigshafen; Germany was still fighting at that time. Not having had 

_occasion to use German for five years, I had still to assist in translating the 
titles of those 700 documents. More and more reports came along, and 
we have had to select from the vast number those which had some bearing 
on the field in which we are interested. The particular reports in which 
I have been interested have numbered at least 1000, and probably more. 
If any of you are sufficiently unwise to delve into some of the originals and 
find that we have not quite stated the truth or have left out pertinent facts, 
I am sure you will excuse us. 


MAJOR DEVELOPMENTS IN SYNTHETIC LUBRI- 
CANTS AND ADDITIVES IN GERMANY.* 


By H. L. West.t 


Scope OF THE REPoRT. 


The investigation into the German oil industry has shown that the Germans 
had a well-developed synthetic oil industry. The information was obtained 
partly as the result of interrogation of individual scientists and business men 
in Germany, and even in England, and partly as the result of examination of 
documents obtained from the centres of the industry, test establishments, 
technical institutions, and universities. 

As could only be expected, the big chemical combine, the I.G. Farben- 
industrie, was concerned in most of the major developments. With this fact 
in mind, it is only natural that the head of the lubricating-oil research and 
development department, Dr Hermann Zorn, should be associated with, 
most of his company’s developments. Dr Zorn was stationed at the main I.G. 
synthetic oil plant at Leuna, where he was interrogated, as well as in London. 
Besides being in charge of the development and production of synthetic 
lubricants for the I.G., he represented this concern on various committees and 
acted as adviser to the mineral oil department of the Reichluftfahrtminis- 
terium, the Rustungs and Kriegsproductionministerium, the Heereswaffenamt 
and the mineral oil department of the Reichbahn. Although most of the 
information given by Dr Zorn from memory has been confirmed by examina- 
tion of documents, comments on some of the later developments, for example, 
the low-temperature aero- and automotive-engine oils, may have to be 
modified should any further information be obtained, or the relevant 
documents be located. 





* B.1.0.S. Final Report No. 1611 (abbreviated and excluding Bibliography). 
Reproduced by permission of the Controller of H.M. Stationery Office. 
t+ Esso Development Co., Ltd. 
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PART I. SYNTHETIC LUBRICANTS. 
A. HyprRocarsons. 


A.1. J.G. Farbenindustrie Production. 


History and Fundamental Basis. In 1927, while at Ludwigshafen, Zorn 
was put in charge of a project to work on the production of synthetic 
lubricants, based on the products of coal hydrogenation. Following up 
the work of Allemets, who found that gaseous olefins could be polymerized 
to liquid hydrocarbons in the presence of AICl,, and also that of McAffee 
who used cracking gas olefins, the I1.G. attempted to produce lubricants 
from the high-boiling fractions of pressure-hydrogenation oils, the olefins 
being obtained by dehydrogenating the hydrogenation gases. The 
lubricating oils obtained were characterized by low V.I. ca —20, and were 
of poor quality. This line of attack was given up in 1931. 

Research work on the chemical constitution of pure synthetic olefins 
and their mode of polymerization had led to the conclusion that polymers 
of high V.I. would only be obtained from straight-chain olefins with a 
terminal double bond. It was also found that the V.I. was better the 
longer the carbon chains of the initial olefin, but at the same time the 
setting point of the polymers became high : this is illustrated below :— 

















| . a 
No. | Type of olefin. 4 I ba Ag Va. Pour point. 
— | —a 
| n-Octene-l . 80 19-4 100 < —30°C 
2 | 2-Methylheptene-1 . 20 2:8 20 < --30° C 
3 | n-Octene-4 . .| 610 2-0 —10 < —30° C 
4 | 6-Methylheptene 85-90 60-1 100 < —30° C 
5 | n-Octadecylene : 80 43-7 | 140 +15 








Whereas the polymers from olefins (1) to (4) have pour points below 
—30° C that from (5) is only +15° C. As can be seen from a comparison 
of (2) and (4), the yield is markedly affected if the double-bond carbon 
atoms are substituted, the reactivity of the double bond being greatly 
reduced : additionally the V.I. of the polymer is low as is that from an 
olefin with a central double bond. 

Extensive research work on the subject of the relation of V.I. to con- 
stitution and the mechanism of formation of olefin polymers was carried 
out between 1929 and 1936. Little of this has been published and details 
are contained in the documents mentioned above : the general conclusions 
are given*below. 

The main chain is built up"by the end-to-end combination of the double 
bonds, the remainder of the carbon chain in the molecule giving side chains. 
The ease of polymerization of an olefin varies inversely with the length of 
the carbon chain, i.e., a propylene is more easily polymerized than n- 
octylene and the latter more easily than n-octadecylene. The ease of 
polymerization decreases until with n-C,,H,,, obtained from montan-wax 
alcohol, even the most active AICI, will not bring about polymerization. 

To investigate the relation between structure and properties of such 
olefin polymers the various structures likely to be obtained were synthesized 
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using the following method : the examples given are typical and are valid 
as illustration only :— 
(a) n-octyl alcohol was oxidized to the aldehyde. 
(b) an aldol condensation was carried out with this aldehyde to give 
H OH 
Ld 
CH,—(CH,),—C—CH—CHO 
(VH3)s 
CH, 
(c) this aldol was reduced to the alcohol and (d) the latter converted 
to the iodide, using phosphorus penta-iodide 
CH,(CH,),—CH—CH,I 
CeHj3 
(e) the iodide was then treated with a suitable ester of sodio-n- 


hexylmalonic acid ( n-CeHs-CNa<ooon ) to give : 





CH,—(CH,),—CH—CH,-C<pook 


n-CgH,, n-CgHy, 
(f) this ester was then saponified losing one carboxyl group, the 
acid so obtained being reduced to the corresponding alcohol 
CH;(CH,),—CH—CH,—CH—CH,0H 
n-CgH,,  n-CgHy, 

The olefin obtained from this alcohol by loss of water gave, on hydro- 
genation, the hydrocarbon C,,H;5. The alcohol can also be converted to 

the iodide and condensed further according to (e) above. 


In this manner the following homologous series of hydrocarbon was 
obtained :— 





| 
No. | Formula. | Mol. wt. | Structure. 





6 | C.Hs 226 Rear eee, 


CeHys 
71 Culle 338 | aahltaneed wl ‘H-CH, 


| C,H); CoHy; 
oS! Gis 450 | ees uahatie mised sabia 


| CoH CHis CoHis 
S|] Gx, 562 | seats plea: inet “eid wih 

| 

| 

| 


CeHy; C.His C,H 13 JgH 13 
snsittieeih india: Wists aihitadh i 

CeHis CeH,; CeHi; CoHi; 
——CH,-CH-CH, 


10 | CysHos 674 











C,H, 
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Further, Wurtz syntheses were carried out with the iodides corresponding 
to (6), (7), and (8) as follows :— 


2R-CH-CH,I + 2Na —> 2NalI + R-CH-CH,-CH,-CH-R 
CH, C,H; C,H, 
This leads to another series of hydrocarbons as below :— 


No. | Formula. \Mol. wt. t.| Structure. 








| CysHes | 450 | CHC H,),-CH-CH,-CH,-CH —> (CH,),-CH, 
| } C,H; C,H, 
12 | CgsHy, | 674 | CH,(CH,)y-fH-CHy-H-CHy CH, -_ 
| 
| C.Hi; C,H, 
| | echead whiadete 
| | | CeHi; C,H; 
13| CesHiso | 898 | CH,(CH,),-CH-CH,-CH-CH,-CH —> 
| CH» GHs CHa 
. CH,-CH,-CH-CH,-CH-CH,-CH(CH,) —> CH, 


C,Hy; CoA; oH 3 





Viscosity and V.I. determinations showed a continued increase with 
increasing molecular weight ; in this connexion it was found that the water- 
white C.,H 439, with a molecular weight of ca 900, had a viscosity of about 
13-14 cs at 100° C: This showed that highly viscous, purely isoparaffinic 
oils of the superheat-steam-cylinder and bright-stock type must have very 
high molecular weights, and could only be obtained by polymerizing 
straight-chain olefins of low molecular weight such as ethylene, propylene, 
and butylene if the process goes far enough, or if the starting molecule is 
relatively large (C,—C4,). 

Examination of the viscosity-temperature relationship with the hydro- 
carbons (5) to (13) shows that the V.I. improved with increasing molecular 
weight, but that from Cj, onwards the progressive improvement continually 
decreased. This observation was confirmed in practice later on in the 
polymerization of ethylene. Here, too, the improvement in V.I. gradually 
decreased as polymerization proceeded. It was also interesting to observe 
that a comparison of the structurally somewhat different hydrocarbons 
but of the same molecular weight (8) and (10) with (11) and (12) showed 
little variation in properties. Considerable difference in properties was 
also found with more fundamental structural changes, as shown by the 
following hydrocarbons of the same molecular weights. 

A comparison of ‘‘m”’ value (V.I.) of the above series showed that, for 
the same molecular weights, the more branched the carbon chain becomes, 
and the more nearly the molecule approached a spherical shape the higher 
the “m”’ value (lower the V.I.). A further decrease in V.I. was brought 
about by partial or complete cyclization of the chain. 
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; fia ” ‘ f a x is . 
No.| Formula. = | Structure. ali. pow 
11 | CysHy. | 450 | CyHy-CH-CH,-CH,-GH-CyH, | 3-64 | 37°C 
l 
| | | O.His CoHis | 
8 | CysHge | 450 | CyH,,-CH-CH,-CH-CH,-CH-CH, | 371 | 46°C 
| CH Cos CoH | 
14 | CyHg, | 450 | C\H,-CH-CH,-CH-CH,-CH-CH, —> | 
| CH, (¢,H, ©,H, | 
| | CH,-CH-CH,-CH-CH,-CH-C,H, | 36 | 51°¢ 
| | C,H, ¢,H, C,H, 
15 | CysHe, | 450 | n-CyHiy mwC,H, | 385 | 57°¢ 
n-C,H,,—-C-Co-n-C,H), 
n-C,H,,” \n-C,H,, 











At the same time as the V.I. decreased, the viscosity increased ap- 
preciably, thus (16) had a viscosity of 3-63 cs at 99° C whilst that of (22) 
was 73-60 cs at 99° C and 50,000 at 38° C. The effect of a long straight 
chain in counteracting the effect of naphthene rings is worth noting. 
These facts were made use of in the preparation of super heat-steam- 
cylinder oils, but the extent to which cyclic hydrocarbons were introduced 
into a polymer must be kept small since cyclization gave a considerable 
increase in the Conradson carbon. 





No. | Formula. Mol. wt. | Structure. 





16 | CysHs, 394 | CH,(CH,),.-CH, 
17 | CH, | 392 | ¢  >-(CH,)2:-CH, 
18 | CysH, | 390 <0 ~(CH,)5-CH, 


19 CyoH 54 414 a> H CH) CH Ca» 


\ 
20 | CyoHs, 418 DCH-(CH,) u-CHs 


21 | CysHso | 386 Cn cH 4 >-CH,-CH,-" CH, # > 


| H ye 
CoH, | 412 H my tas cH,<u ><a» 
| Necad 





to 
to 











To sum up, from the I.G. research work with well-defined chemically 
homogeneous hydrocarbons, the following picture of the structural con- 
ditions necessary for producing a good viscosity-temperature behaviour 
was built up. 
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The purely straight-chain paraffins have the best V.I., which is decreased 
with branching or cyclization of the carbon atom chain in proportion to 
the extent of the branching or cyclization. The nearer branching brings 
isoparaffinic molecules to a spherical shape, the lower the V.I. To express 
this as a general rule, the molecules in the liquid must interlock as closely 
as possible to form a kind of barbed-wire coil. In this way their freedom 
of movement is so hindered that even with big temperature changes the 
internal friction between molecules remains high, i.e., the viscosity changes 
only slightly. This effect is supplemented by the fact that normal straight- 
chain molecules have a spatial form of a zig-zag type. The forces holding 
these chains together are the dispersion forces arising from the outer 
electronic orbits of the methylene group; these are independent of tem- 
perature and are thus specially suitable for keeping constant the molecular 
internal friction effect with rising temperature. It is therefore important 
that the branching of the C atom chain of an isoparaffinic hydrocarbon be 
brought about so that the side chains also take part in the action of these 
dispersion forces. It must be remembered that the strength of the dis- 
persion forces decreases as the sixth power of the distance r between two 
methylene groups belonging to different C atom chains. Thus, if a hydrogen 
atom in a paraffin molecule is replaced by a CH, group the distance r 
separating the methylene groups of two neighbouring molecules is greatly 
increased. Since the dispersion forces vary in proportion to the sixth 
power of r (r) the internal attraction of the two molecules is greatly de- 
creased and their spatial mobility greatly increased. Thus the initroduction 
of methyl groups impairs the “m ”’ value, but at the same time improves 
the pour or melting point of the hydrocarbon as can be seen from the 
following :— 











Pour or 
No. of CH, groups. Formula. melting 
point, ° C. 
Hexadecane CH,-(CH,),,-CH,; + 18° 
+ one CH, group CH, (CH,),-CH-(CH,),-CH,-CH, + 39° 
+ two CH, groups ;-(CH,),- CH-CH- (CH,),CH, ~ CH,-CH, — 80° 








The ethyl group has an effect similar to that of the methyl group. Hydro- 
carbon (14) which contains six ethyl groups and has double the molecular 
weight of hexadecane has a pour point below —51° C, its V.I., however, is 
lower than with the long-chain branched hydrocarbon (11). The rather 
long-chain branched hydrocarbon C,,H,, below has a still better V.I. 


fingiioagt ene 
CH,(CH,), (CH,),CH, 


This is because the form of the molecule permits an even better action 
of the dispersion forces, correspondingly the pour point of this hydrocarbon 
is naturally poorer thah that of (11). The structural requirements for a 
good V.I. are thus directly opposed to those leading to a good pour point. 
Consequently, in the synthesis of high-quality lubricants these varying 
structural requirements must be balanced against one another. 
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The relation of chemical constitution to properties with well-defined 
synthetic hydrocarbons which has been outlined in the foregoing was an 
indispensable aid to the I.G. in the discovery and technical development 
of the two manufacturing-scale synthetic lubricating-oil processes; the 
polymerization of wax-cracking products and ethylene polymerization, 
both of which processes are described below. 

In connexion with the work described above Zorn mentioned that he 
questioned the early work of Mikeska as he considered his methods of 
preparation at that time to be faulty, frequently leading to mixtures. 
In investigating the structure of natural products, he claimed to have 
isolated the following dialkyl naphthalenes, the alkyl groups having chains 
with three to six carbon atoms. 


7 LX) 


Process Used at the Norddeutschen Mineralél Raffinerie at Pélitz near Stettin 
(Owned by DAPG, I.G., and Vacuum). 


General. Research had shown that olefin polymers having the character 
of lubricating oils with a high V.I. could also be obtained from straight- 
chain olefins with a terminal double bond and a method for the technical 
production of such olefins had to be found. It was discovered that they 
could be obtained by the gas-phase cracking (at atmospheric pressure) of 
chemically pure wax. 

The process was discovered by the Standard Oil Co. of Indiana inde- 
pendently and a patent was applied for in the U.S.A. a few weeks before 
the I.G. application was made in Germany. The German patent of the 
Indiana Company was bought up by the I.G. in 1938-39. At first the 
process, developed in 1930-31, found no practical application, as the 
requisite quantities of wax were not available. Only at the end of 1939, 
after the wax-producing plants, such as those using the Fischer-Tropsch 
synthesis, and the dewaxing plants for brown-coal tar and low-temperature- 
pressure-hydrogenation oils were built or decided upon, could a start be 
made with the project and the building of the Pélitz plant be commenced. 

The wax used must be of a straight-chain structure, and must be cracked 
in the vapour phase with no liquid present. To obtain structures with the 
double bond at the end of the molecule, the cracking time must be short 
at high temperatures, forming at least 95 per cent olefins followed by a 
quench to prevent isomerization of the olefin and migration of the double 
bond. Wax from the atmospheric pressure, Fischer-Tropsch process 
without the heaviest ends (controlled by the maximum melting point of 
176° F) was a suitable cracking stock. Whereas wax from the 20 atm 
(300 p.s.i.) synthesis was unsuitable because of branched-chain paraffins, 
the wax obtained from brown-coal-tar distillation was suitable for pro- 
duction of the required type of olefin. 

Petroleum wax, as such, could not be easily “handled by the above 
process, but could be converted to a suitable product by the combination 
cracking-hydrogenation step which yielded a mixture of 50 per cent diesel 
oil and 50 per cent straight-chain paraffin wax. 


\\—alkyl 
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Ethylene Process Used at Leuna and Schkopau. 























Introduction. From the theoretical reasoning given above it was decided 
that the optimum quality of lubricant hydrocarbons could only be obtained 
TaBLeE I. 

Norddeutschen Mineralél Raffinerie, Politz. 
. _ sr , Steam- 
SS. 1103. SS. 1106. | Specification. cylinder oil. 
Sp. gr. at 20° C -- 0-866 0-870 0-879 
Viscosity : 
at 50°C, cs . — 332-348 277 520 
at 100° C, cs 21-2 44-4-45-2 38-2 min 59-7 
V.I. . 115-124 113-115 107 min 108 
Flash pt, °C 220 min 312 280 min 315 
Fire pt, °C ; — 350 330 min 355 
Setting pt, °C . ; —30 max —29 —25 max —31 
Neut. no, mg KOH /g — 0 0-06 max 0-14 
Sap. no, mg KOH/g. 0-1 0-1 0-2 max 0-47 
Conradson carbon, % 0-2 max 0-2 0-25 max 2-0 
Ash, % . . : ‘ Trace Trace 0-01 max 0-03 
Noack evap loss, 250° C, % —_ 2-3 5-5 max 1-64 
Diesel Fuel. 
Pour point ‘ : ‘ 32 at 20° F 
Cetane no 72-73 
LE. “F 302 min 
Sulphur 0 





by a careful balance of opposing structural factors influencing the V.I. 
and pour point, the best V.I. demanding isoparaffins with a long extended 
structure whilst the lowest pour points were best obtained with the shortest 
side chains, e.g., methyl or ethyl groups. The olefins obtained from wax 
cracking were a mixture with chain lengths which could not be altered, 
since the cracking conditions lay within very narrow limits. 

The situation was different when there was a possibility of a variable 
olefin synthesis, which was only conceivable on the basis of the smallest 
possible building unit, i.e., ethylene. Under specified conditions and at 
certain temperatures, highly purified ethylene reacts in the presence of a 
minimum quantity of BF, to give n-butylene and n-hexylene. This result, 
which depended on the high purity of the ethylene, led the I.G. Farben- 
industrie to make a fresh attack in 1934 on the problem of the manufacture 
of lubricants from ethylene. This was first attempted by Bulsohn using 
AIC], as catalyst (Bull. soc. chim., 1879). In the following year, 1880, 
Gustafson confirmed Bulsohn’s results using AlBr, as catalyst. Many 
chemists have since worked on the polymerization of ethylene, the first one 
to do so before the I.G. commenced the work at Oppau was A. W. Nash, 
who dealt with this problem in the years 1929-30. He polymerized 
ethylene using AICI, as catalyst, in a 2-litre steel autoclave, the action 
extending over several weeks. The polymers were very light oils (1-4° E 
at 100° C) with strongly negative V.I. values (—100 and below). 

In 1933 Waterman repeated Nash’s experiments with almost the same 
result. It was noteworthy that in his experiments he obtained in one 
case an oil with a V.I. of +2. This result, together with the BF, experi- 
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ment described above, encouraged the I.G. to make an intensive study 
of ethylene polymerization. The result of that research can be described 
as a process for the synthesis of long-chain olefins with end double bonds 
and the immediate further polymerization of these olefins in the nascent 
state. A large-scale plant was operated at Leuna from 1937. 

Products and Properties. Table II gives the approximate inspections 
of the products from this process and an indication of the use to which 
each one was put; this latter part is amplified in a later section of the 
report. 


Variations of the Ethylene and Other Processes. 


(i) Propylene Polymers and Other Additions. If propylene were used as 
the starting-out material a product was obtained which had a low V.I.— 
about 80—but was remarkable in that, in contrast to the ethylene polymers, 
it was heat stable. Also addition of up to 6 per cent of propylene to the 
ethylene gave products with a good V.I. and low “m” values. With 
12 per cent propylene a poorer V.I. product was obtained and the first 
fraction of the distillation—the recycle oil—did not react on further 
polymerization; therefore an accumulation of recycle oil was obtained 
which could only be used as diesel fuel. 

The addition of styrene to the polymer had been suggested, but it was 
found that if this were added at the beginning of the process, gummy 
products were formed in the recycle oil—catalyst slurry impairing the 
activity of the catalyst. If styrene was to be added, the addition had to 
take place only in the low temperature phase of the operation, but even 
then the maximum quantity that could be used was only 2 to 3 per cent, 
Particularly with propylene, it had a good effect in this amount. 

(ii) A considerable amount of work had been done on the addition of 
aromatics to the olefins before polymerization. The best results were 
obtained by pre-polymerizing the olefins to give long chains, and subse- 
quently alkylating the aromatic or hydro-aromatic nucleus with the 
polymer. This is similar in principle to the mixed polymerization process 
described below. 

(iti) The Mixed Polymerization Process. This process, which is really 
a development of the initial work started in 1927 (on polymerization of 
olefins, and attempts to alkylate aromatic nuclei), involves bringing the 
crude polymerizate (from the ethylene as well as the cracked wax olefin 
polymerization) still containing all the AICI, directly from the reaction vessel 
and at reaction temperature into contact with a mineral lubricating-oil 
fraction previously heated to 120° C. This fraction, which was freed from 
wax and asphaltic compounds, had a viscosity of 45-2 to 53-0 cs at 50° C. 
The mixture so obtained was agitated for about 3 hours at 120° C and then 
processed as usual for a synthetic oil. 

It was claimed that during the agitation the following reactions took 
place. The AICI, contained in the synthetic crude polymerizate has a 
polymerizing action on the hydrocarbons in the mineral oil susceptible 
to such action; it has an isomerizing action on the naphthenic hydro- 
carbons in the mineral oil whereby the thermally unstable six-ring systems 
are converted to stable five-ring hydrocarbons, and finally it brings about 
alkylation of the aromatic hydrocarbons in the mineral oil by the still 
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reactive low-molecular olefinic synthetic polymerizate. The final mixed 
polymerizate was found to be a better lubricant with better engine per. 
formance than the mere physical blend occurring in the 8. 3 oils. This 
mixed polymerization process was to have been started in the Moosbier. 
baum works, the installation of ‘a special mineral oil refinery intended to 
produce a suitable lubricating-oil compound being commenced in 1943. 

A refining process, specially developed for the purpose, was developed 
in the research laboratory at Leuna. In this, it was intended to carry out 
dewaxing and extraction with the same solvent, which consisted of a 
mixture of 65 per cent by weight of ethylene dichloride C,H,Cl,, 25 per 
cent by weight of tetrahydrofurane, and 10 per cent by weight of methanol. 
After removal of the wax which separated at —20° C, 3 to 5 per cent of 
liquid ammonia was added to the oil-solvent mixture at —20° C. This 
caused immediate phase separation into an upper layer of raffinate with a 
little solvent and a lower layer of extract and a large proportion of solvent. 

Owing to air-raids in the summer of 1944, the completion of the plant 
was prevented. However, the atmospheric and vacuum distillation 
sections, with a throughput of 1500 tons/month crude oil, started up in 
January 1945, and were running at full production until the entry of the 
Russians in April 1945. 


A. 2. Rhenania—Ossag Product. 


History and Fundamental Basis. The process used by the Rhenania 
Company was essentially the same as that employed by the Norddeutschen 
Mineralolraffinerie, Politz; however, the product was slightly different, 
due to the use of different raw materials, and preparation of the primary 
products. It would have been expected that, during a period of national 
control such as existed during the war, considerable co-operation and inter- 
change of information and experience would have existed. Such, however, 
does not appear to be the case, and it would appear that only slight inter- 
change of information took place. 

Although the theoretical background to the process does not appear 
to be as complete as that of the I1.G. Farben processes, considerable work 
was done starting as early or earlier than 1933. It is reported, for example, 
that propene-2 gave rise to ring products, whereas butene-1 gave straight- 
chain oils on polymerization with AICl,. Most of the work involving the 
preparation of pure hydrocarbons appears to have been carried out during 
the war years, mainly in an endeavour to improve the product or elucidate 
anomalous variations in certain batches. Apparently occasionally a 
“bad” batch of olefins would be prepared from a given supply of wax. 
Considerable effort was therefore directed to the analysis of the olefins and 
to trying the influence of pure olefins in the polymerization step. For 
instance, it is reported that small amounts of heptene-3 reduced both yield 
and viscosity, whereas hexadiene 1-5 increased the viscosity of the polymer 
without change in V.I. 

Parallel with this work some considerable effort was put into the analysis 
of natural lubricating oils, using chromatographic technique in conjunction 
with the well-known Waterman system of analysis. 

The influence of the amounts of aromatics, naphthenes, and paraffin in 
the wax used as raw material was also studied. Quite early in this work 
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it would appear that the instability to oxidation of the straight-olefin 
polymers was appreciated; a defect which could be remedied by the 
addition of aromatics, e.g., naphthalene, during the polymerization step. 
It is possible that this explains in part the use of de-oiled slack wax as 
raw material rather than the purer forms such as Fischer-Tropsch or 
TTH (low-temperature hydrogenation) wax. Much more likely was the 
fact that the slack wax was readily available at the company’s and nearby 
refineries and thus represented a much cheaper raw material. 

Products and Properties. It would appear that only one product was 
obtained in any quantity, namely, the SS. 1006, typical inspection data of 
which are given in Table ITI. 

Tas_e III. 
Rhenania-Ossag Synthetic Oils. 





SS. 1006 (aviation 
bright stock). 





Sp. gr. at 20°C . ° ° . | 0-870 
Viscosity : 

at 100° F es 7 700 

at 210° F cs 45-5 
) See 111 
Pour pt, °F. ° —15 
Flash pt (open), °F. | 560 
Neut. no, mg KOH /g ‘ “4 0-02 
Sap. no, mg KOH /g ‘ P ° | 0-05 
Conradson carbon, % —. : at 0-25 
Ash, % A ; ; ‘ got Trace 





A. 3. Ruhrchemie Synthetic Oil. 


Introduction. In 1937 Ruhrchemie had developed a scheme of synthetic- 
oil production in the laboratory, and in the following year a plant based 
on this commenced operation. Designed to produce 1000 tons/month 
it eventually reached a capacity of 1500 tons/month of an oil of 6 to 8° E 
(45-2 — 60-8 cs) at 50° C (122° F). Fischer-Tropsch gas oil, and “‘ sweater ” 
oil from the processing of Fischer-Tropsch wax, were cracked in a Dubbs unit 
at 500 to 520° C (932 to 968° F), for gas oil and 480 to 500° C for sweater 
oil. Steam was added to the vapours leaving the furnace before they 
entered the reaction chambers. The olefins were polymerized with AICI, 
in autoclaves, with a final temperature of 100° C. 

Products and Inspection. Inspection data of the spindle oil and auto- 
motive lubricating oil are given in Table IV; also the inspection of a bright 
stock obtained by polymerizing at 15° C with 4 to 6 per cent of AICI, 
followed by heating to 60° C is given. 

Quality of Products. As would be expected from the unsaturated nature 
of the products, the oils were not very stable to oxidation. From the 
start, an effort was made to produce a bright stock of aviation quality and, 
although this was achieved by the I.G. Farbenindustrie and Rhenania, 
Ruhrchemie did not succeed until the end of the war, and never put the 
process into production. According to Dr Zorn of the I.G. the difficulties 
experienced by Ruhrchemie were due entirely to the fact that the olefins 
produced did not have terminal double bonds. It seems remarkable that 

3H 
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with the fund of knowledge available on this type of process no co-operation 
appears to have existed between the various concerns all working towards 
the same end. 

TABLE IV. 


Ruhrchemie Synthetic Oils. 





Spindle oil. 


Motor oil. 





sh gr., 20°C 
scosity at 50° C, cs . 
Pole height . 
Neut. no, mg KOH/g . 
Sapon. no, mg KOH ie 
Flash pt, °C. 
Pour pt, °C . 
Conradson carbon, %. 
Iodine no . , 


0-845 
14-8 
1-75 
0-01 
0-04 
195 
—50 
0-01 
about 50 


0-855 
53-0 
1-75 
0-05 
0-10 
220 
—45 
0-04 











_ about 50 





In an arbitrary oxidation test the viscosity increase of the motor oil 
was as much as 150 per cent. To improve this instability, various methods 
were tried, four methods in particular being investigated. The first of 
these, earth treatment at 200°C, gave no success; the second treatment 
with 2 per cent AICI, for three hours at 180° C did improve the stability 
considerably and gave fairly satisfactory results on the large scale; it was 
abandoned as the improvement was not permanent and the oil was satis- 
factory for its purpose without this treatment. The use of sulphur- 
containing inhibitors was tried, but it was found that by far the best way 


of improving the stability was by the addition of these before the poly- 


merizing process. In the latest process phenthiazin, 8-thionaphthol, or 
its anthracene analogue were added to the raw material, but it was found 
that equally good or even superior results were obtained by the addition 
of 0-1 to 0-2 per cent of sulphur. During the polymerization process this 
sulphur was eliminated, as the finished oil only contained a trace of sulphur, 
it required, however, two treatments with AICl,, the second to eliminate 
the smell from the first-stage products. The finished oil was said to be 
“ oxygen proof” and gave a viscosity change of only 10 to 20 per cent in 
the above-mentioned oxidation test. 


Planned Manufacture of Aviation Grade B.S. (Syntol Process). 


Introduction. Although in no way comparable with the work done by 
the I.G. Farben, Ruhrchemie chemists under Dr Clar had carried out some 
fundamental work on the best*feed stock and the optimum conditions of 
polymerization. For example, Clar had found that certain selected 
olefins such as heptene, C,H,,, gave no catalyst.sludge and produced an 
excellent lubricating oil of 60-8 to 76-0 cs viscosity at 50° C, and a V.I. of 
125 to 130, but the conditions could be modified to give a bright stock of 
380 cs at 50°C. In this polymerization the catalyst remained granular and 
no loss by heavy polymers was experienced. This work was to have been 
continued at an evacuation location, but, due to the non-arrival of certain 
equipment, this could not be done. 

Development work on the control of viscosity of the finished oil by 
changing conditions during the polymerization step was also carried out by 





0) 


r oil 
thods 
st of 
ment 
bility 
b was 
satis- 
ohur- 
way 
poly- 
yl, or 
ound 
ition 
: this 
phur, 
inate 
oO be 
nt in 


SYNTHETIC LUBRICANTS AND ADDITIVES IN GERMANY. 787 


Dr Clar. By using a small amount of AICI, and a comparatively high 
temperature, an oil of low viscosity was obtained, whilst a reversal of these 
conditions led to the production of oils of high viscosity. For example, 
using 1-5 per cent weight of AICI, and keeping the polymerization tem- 
perature at 100° C from the start of the reaction (by pre-heating the olefinic 
charge) an oil of 29-5 cs at 50° C was produced. 


A. 4. Synthetic Oils Produced by Rheinpreussen A.G. Homberg. 


General. This process, which is the normal Friedel-Crafts condensation 
of a chlorinated hydrocarbon on to naphthalene, almost identical in fact 
to the process by which “ Paraflow ”’ is obtained, was developed because 
it was considered that only by the introduction of aromatic rings into 
synthetic oils could the oxidation and heat stability be obtained. The 
plant was commissioned in July 1942, and ceased operating in October 
1944, due to cessation of supplies of Kogasin from the nearby Fischer— 
Tropsch plant. It would appear that the German Navy was responsible 
for the development of this particular type of oil, since it was found to 
meet certain requirements and, in fact, the Navy took practically the whole 
production. 

Products. Typical inspections, carried out in the. U.K. of products are 
given in Table V. (These do not compare with the figures claimed by 
Rheinpreussen.) The chief product was a motor oil which consisted of 
a blend of cylinder oil, turbine oil, and as much or little spindle oil as 
required. It is noteworthy that the spindle oil has a high pour point due 
to the presence of low-boiling-point waxes. Dewaxing plant to remove 
these was installed, using acetone as solvent, but it was never used, due 
to the fire hazard, or so it was stated. 


TABLE V. 
Rheinpreussen Synthetic Oils. 





Spindle oil. | Turbine oil. 





Sp. gr. at 60° F . 
Viscosity : 

at 100 °F, cs 

at 210° F, cs . 
a « ’ . 
Pour pt, °F ‘ 
Flash pt (closed), °F . 
Ramsbottom coke, % 





N.B.—The motor oils were blended mainly from the turbine oil and the cylinder 
oil, 


A. 5. Miscellaneous Synthetic Hydrocarbon Oils. 


Synthetic Oil Produced in France. Although these processes were not 
of German origin, the products were available to them during the period 
of occupation. Two processes were operated, the first of which probably 
gave the better products. 

In this benzene was condensed with dichlorethane to give a mixture of 
polybenzyls. This was then condensed with chlorinated Fischer-Tropsch 
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gas oil, AIC], was used as the catalyst for both stages. The excess 
benzene was then removed, the catalyst sludge settled, and the upper. 
layer clay treated and distilled. A gas oil was returned to the process 
and various cuts taken for spindle, transformer, turbine, and cylinder oil, 
all of which were claimed to be of satisfactory quality. 

A second process providing products of lower quality was made by 
polymerizing a Fischer-Tropsch gasoline containing 50 per cent olefins, 
Two products were made, a light grade and a heavier product for ordinary 
lubrication. Apparently these oils oxidize readily. 


A. 6. Lubricants from Brown-coal Tar. 


Although the production of lubricants from brown-coal tar may not be 
accurately classified as synthetic, it is included here because it represented 
quite a large proportion of the total supplies of lubricants from sources 
other than natural petroleum oils. The vast majority of the tar produced 
by coking brown coal was used as feed to the high-temperature hydro- 
genation plants to produce aviation gasoline. In addition to this process 
there were two others known as M.T.H. and T.T.H., respectively (medium. 
and low-temperature hydrogenation), the first producing mainly gasoline 
and diesel fuel, and the latter gasoline, diesel fuel, paraffin wax, and 
lubricating oil. It is the last process, the 'T.T.H., that is of interest in this 
field. 

TABLE VI, 
Typical Tests "? Lubricants from Brown-coal Tar. 


ZR 65. 








| | 
Name. | 2R25. | ZR30. | ZR 40. 1 

Sp.gr.at20°C . .  .| 0877 | 0-880 | 0-886 | 0-899 
Viscosity : | | 

at 100° F, cs ‘ ; : 26-0 | 30-0 | 50-0 | 81-0 

at210°F,cs ; . 423 | 46 #=| 60 8-1 
V.I. 50 | 87 | 87 | 65 
Pour pt, ~~ . . .| —i8 | — — — 
Flash pt,°C . . St . | 200 |} — | a" an 





B. Non-HypRoOcARBON SYNTHETIC LUBRICANTS. 
B.1. Esters. 


I.G. Farbenindustrie Developments. 


History and Fundamental Background. According to Dr Zorn the origin 
of the interest in esters and the development of suitable products resulted 
from a conversation with officials of the Reichsluftfahrtministerium at the 
Ziirich Aviation Congress in 1937. The R.L.M. officials stated that castor 
oil had to be used for high-output engines because of its outstanding lubricat- 
ing qualities, but in spite of its gumming propensities. An investigation 
was carried out into the mechanism of oxidation of natural fats, and it was 
found that the instability was due initially to the glycerol present. 

Glycerol, as is well-known, is a trihydric alcohol, with two primary and 
one secondary hydroxyl groups. The latter is characterized by thermal 
instability and easily loses the elements of water, particularly in the presence 
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of acids and metals acting as catalysts. Further, it is found that the 
esterified secondary hydroxyl group of the glycerol is the most easily 
hydrolysed, leading to acids which help in bringing about further changes. 
In the dehydration of glycerol a double bond is formed which leads to 
further oxidation and polymerization. 

To eliminate this possibility synthetic fats were prepared, using natural 
fatty acids, e.g., oleic, stearic, etc, but using a trihydric alcohol containing 
all primary hydroxyl groups, the particular alcohol chosen being tri- 
methylol ethane. 

cH,-cCCH'OH 
‘H,~ OH 
* ’\cH OH 

Engine tests showed that such esters fulfilled expectations, combining 
good lubricating properties with high thermal stability. 

Intensive research was then carried out on the connexion between 
constitution and physical and technical lubricating properties. During 
the years 1938-44 over 3500 structurally different esters were made and 
examined. The target aimed at was to develop an ester with high thermal 
stability, combined with a good V.I., the lowest possible pour point and 
the maximum flash point, good miscibility with natural and synthetic 
lubricants, together with a better lubricating ability than hydrocarbon 
oils. 

On comparing the following two esters it can be seen that they have 
about the same molecular weight, but show a big difference in V.I. and 
pour point. 








Mol. “*m”’ | Viscosity at 














| 
: Empirical | Pour , 
No. Structural formula. formula. wt. | pt, °C | Vl value. | 210° F, es. 
—_— } 
CH,OOC i-C,H,, 
1 | CH,-C6CH,OOC i-C,Hi, CuHyO0,| 486 | -—63 | 68! 3-80 3-8 
| NCH,OOC i-C;His : 
| ° 
2] ¢-CyH s-O-CHy-CHy-O0-C(CH).— CHO, | 486 | —65 | >140| 3:38 43 
—t-0-CH,-CH,-0-i-C, Hy, | 








It is interesting to compare the following three esters :— 




















» Pour , “*m”’ | Viscosity at 
No. Structural formula. pt, °C. Vik value. | 210° F, es. 
3 | n-C;H,,-CH,-OOC~+(CH,),-COO-CH,-n-C,H,, 10 | >140} 3-09 2-85 
4 | n-C,H,,-CH,-OOC-CH-CH,-CH,-CH,-COO-CH,-n-C,H,,| —32 140} 3-48 2-66 
H; 
5 | n-C,H,,-CH,-OOC-CH,-CH-CH,-CH,-COO-CH,-n-C,H,,| —36 | >140| 3-16 2-90 
H, 
| | 





As shown for hydrocarbons (hexadecane), the solitary methyl group 
has brought about a pronounced drop in pour point, and there is only a 
small decrease in V.I., the actual amount being conditioned by the position 
of the methyl group. The pour point is depressed still further by the use 
of dimethyl adipic acid instead of the monethyl; however, all these esters 
are miscible with synthetic lubricating oils. 
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The same change is brought about by introducing the branching in the 
alcohol instead of the acid, as is shown by the following examples :— 


























Pour “m”’ | Viscosity at 

No. Structural formula. pt, °C. Wake value. | 210° r< 
3 | n-C,H,,-CH,-OOC-(CH,),-COO-CH,-n-C,H,, +10 | >140| 309 | 2-85 
6 | i-C,H,,-CH,-OOC-(CH,),-COO-CH,-i-C,H,, <-? >140 | 343 2-26 





Even if the acid has a branched structure the use of a branched-chain 
alcohol will still further reduce the pour point. Similarly with an alcohol 
of ring structure, the same rule holds. 








No. Structural formula. Pour pt, °C. 
7 | (H>-00C~CH,),-C0o- > 40 
8 (H>-000-CH,-CH-CH,-CH,-CO0-C H» —36 
CH, a 
9 CH, H >-00C~(CH,),-COO-C H>-CH, —52 











_ It appears from this that it was immaterial at which point in the molecule 
the methyl group was situated. Experiments were then made to see the 
effect of lengthening the chain which. could be done by coupling i-nonyl 
alcohol (obtained from diisobutylene by the OXO process—see below) with 
more ethylene oxide molecules, the following series being obtained :— 








° No. Structural formula. ; “mm” value. 
9 9 

10 i-C,H ,,-O-CH,-CH,-O-C~+(CH,),-C-O-CH,,-CH,-0-i-C,H 3:38 
2 9 

11 i-C,H ,.(O-CH,-CH,),-O-C+(CH,),-C-O+CH,-CH,-0),-i-C,H 1. 3-26 
Benyek 

12 i-C,H ,,»(O-CH,-CH,),-O-C+(CH,),-C-O0(CH,-CH,-0),-i-C,H 1, 3-13 
, g 2 

13 i-C,H ,,»(O-CH,-CH,),-O-C+(CH,),-C-O0(CH,-CH,-0),,-i-C, Hy, 2:97 











In this homologous series the increasing chain length gives a continual 
improvement in the viscosity temperature relationship, as can be seen 
from the decreasing ‘“‘m” value. There is a corresponding rise in pour 
point from —65° C with (10) to —38° C with (13). Further, the miscibility 
with hydrocarbon oils constantly decreases; ester 12 is not completely 
miscible with such oils even when warm. 

The investigation of such homologous series was also interesting from 
the point of view of lubrication technology. In the schematic diagram 
in Fig 1 the relationship of the coefficient of friction » to temperature is 
shown for esters 10 to 13. With increasing molecular weight the py value 
decreases as does the dependence on temperature. 

Similar results have been found with other homologous series of esters. 
It is noteworthy, however, that, with these homologous series, the wear 
behaviour is directly opposite to the friction, as is illustrated in Fig 2. 
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A study of the following esters was also interesting :— 








No. | Structural formula. | Mol wt. i - ates | “ie 
a | n-C,H,,-OOC-CH,-CH,-CH,-CH,-CO0-»-C,H,; | 370 +10 3-09 
15 | n-C,H,,-OOC-CH,-CH-CH,-CH,-COO-n-C,H,, | 384 —36 3-16 
| H, | 
16 | n-C,,H,,-OOC-CH,-CH,-CH,-CH,-COO--C,,H, 482 +36 3-05 
1? n-C,,H,,-OOC-CH,-CH-CH,-CH,-COO-n-C , Hs | 496 +10 2-96 
H, 











The effect of the methyl group in markedly decreasing the pour point 
was again noteworthy, although the “m ” value was altered only slightly. 
The results of friction and wear tests are illustrated by Figs 3 and 4. 
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z 
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aw 

20° TEMP —* 100° 20° TEMP —* 100° 

Fie 3. Fig 4. 


It will be seen that the methyl group has an unfavourable effect on the 
lubricating action, the two esters 15 and 17 made from methyl adipic acid 
give higher coefficients of friction than the adipic esters; also, as before, 
the wear values are the reverse of the frictional results. Increasing the 
molecular weight decreases the variation in the coefficient of friction with 
temperature, this effect showing up irrespective of the metals used. 

Finally, the following two esters can be compared :— 























No. Structural formula. | Mol wt. woe “m” value. i - la 
; 4 2. ; 
18 i-C,H,,-O-C-(CH,),-C-0-i-C,H 1, 398 3-21 3-43 —72 
2 9 
19 | i-C,H,,— CH,),-C-0-4-C,H,, 454 4-71 3-20 — 60 
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‘ 


They serve to illustrate the lower “‘m ” value (or higher V.I.) obtained 
by using sebacic instead of adipic acid, ester 19 having the highest V_I. 
so far found with a good pour point. Other dibasic acids have been used 
experimentally, e.g., up to hexadecanoic dibasic acid, but with these the 
pour points are higher. 

Work was started in 1944 on the orientation of these esters on metal 
surfaces, but owing to the destruction of the laboratory by bombing, the 
programme was not completed. Such information as Dr Zorn could 
remember is given below. 

Investigations using the Langmuir trough showed that the orientation 
of these esters was with one ester group in the water and the other in the 
air; this was contrary to expectations, as both ester groups should have 
been attached to the water surface. This orientation was said to obtain 
in the liquid state. 


EXPECTED LEE 


ORIENTATION ORIENTATION 

. FOUND 
Similar orientation was found with hexadecanoic dibasic esters. A 
50/50 mixture of the latter esters with adipic esters oriented in the manner 


illustrated below :— 


HEXADECANOIC ADIPIC 
ESTER ESTER 
With an unsymmetrical adipic ester, e.g., the methyl dodecyl ester, the 
ester group with the shortest chain, i.e., the methyl ester, was shown to 
be attached to the water. Some work had been done on the transference 
of the monomolecular films to metal, but Zorn could not remember the 
details. 


Production. 
Raw Materials. 


Sebacic Acid. It has been stated that sebacic acid could not be used 
in the production of esters, as the raw materials required for its production 
were not available in Germany. The method originally used appears to 
be the destructive distillation of castor oil in the presence of alkali. The 
supply of the natural oil being limited, additional methods were investigated 
for its preparation, the most promising of which appears to be the elec- 
trolysis of adipic acid derivatives. 

Adipic Acid. Various methods of preparing this acid have been re- 
ported, and it is difficult to decide which was the one most commonly 
used. In fact, it would appear that different plants used processes which 
fitted most economically into their general scheme of operations. For 
example, the process alleged to have been used at the I.G., Leuna, factory 
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was by the route phenol-cyclohexanol-cyclohexanone-cyclohexanone oxime-— 
caprolactam-—adipic acid, this method being preferred to the simpler, 
more direct method, as it gave more by-products and intermediates, which 
could be used as raw materials for other syntheses. The production at 
Leuna was about 95 metric tons per month. 

Adipic acid was also produced from tetrahydrofurane by treatment 
with two molecules of CO and one of water at 200 atm and 270° C with 10 
per cent of nickel carbonyl as catalyst. The tetrahydrofurane was pro- 
duced as an intermediate in the preparation of 1-3 butadiene, a develop- 
ment of Dr Reppe’s acetylene chemistry; the stages were as follows :— 


2x formaldehyde + acetylene ——> butinediol —-> 1-4 butanodic —~> 
tetrahydrofurane ——-> 1-3 butadiene. 


Ludwigshafen was the only plant using this method, and no details of 
the quantity produced have been given. It is possible that adipic acid 
was produced at other plants, but no evidence has so far been uncovered. 

Another method of production, claimed to give a yield of 87 per cent 
of acid, was by the oxidation of cyclohexanol with 62 per cent nitric acid 
and using V,O, as catalyst. It is not known if this was used on the plant 
scale. 

Methyl Adipic Acid. No direct evidence of the method of production 
has been found, but it is possible that one method of production may have 
been a variation of the one given above, i.e., from acetylene through 2- - 
methyl tetrahydrofurane. Alternatively, the corresponding methylcyclo- 
hexanol might have been used using the nitric acid oxidation process. 

Isobutyl Oils. The higher alcohols obtained from the methanol synthesis 
were known as isobutyl oils. These consisted of branched-chain alcohols 
from C; up to about C,,. Various fractions were used to esterify the adipic 
acid. These alcohols were also the source of the so-called Leuna acids, 
the method of conversion being given by the following equation :— 


RCH,°OH + NaOH RCOONa + 2H, 


Synol Alcohols. Alcohols obtained from the Fischer-Tropsch synthesis 
using iron catalysts as operated at Leuna have also been mentioned in ester 
synthesis. These were believed to be straight-chain alcohols, and were 
also used, as were the isobutyl oils, for the production of acids. 

Isononyl Alcohol. This was produced by the OXO process from ditso- 
butylene giving a mixture of two aldehydes :— 


CH; (Hs; ; 
CH,-© CH-C-CH, + CO + H, 
CH | 
| 
SH, H, CH, Y CH, 
CH, C-CH,-CH-CH, + CH-C-—CH-C-CH, 
CH, CHO CH, CHO 


Two courses are open. By reduction the corresponding alcohols can 
be produced. Alternatively by oxidation in the presence of lime the 
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corresponding acids can be obtained. Both the alcohol and acid have 
been used either separately or together to produce esters. 

Trimethylol Ethane. This product, essentially a glycerine substitute, 
was made by condensing formaldehyde with propionaldehyde in alcoholic 
solution in the presence of calcium oxide, the reaction being carried out 
at 30 to 40° C by merely mixing the reagents. The reaction, being strongly 
exothermic, required provision for cooling the reactants. This product 
was known by the code name P.3. * 

Other raw materials which do not call for special comment were Ethylene 
oxide, cyclohexanol, and p-methylcyclohexanol. 

Esterification. The exact method used probably varied for individual 
types or classes of esters. Generally, the method used seems to be that 
given below. 

The required quantities of the alcohol and acid were charged at ordinary 
temperatures to a closed vessel fitted with a stirrer and with a suitable 
outlet for the water of reaction. The catalyst used varied with the ester 
being made, and was one of benzene, toluene, or 8-naphthalene sulphonic 
acid; zine oxide was used for trimethylol ethane esters. The mixture 
was then heated to 180 to 200° C, when the water of reaction distilled off 
in the form of an azeotropic mixture with a middle oil fraction (180 to 
220° C). The reaction took 6 to 8 hours, and was deemed to be completed 
when no more water formed. 

The crude esters were then washed with 20 per cent NaOH solution, 
and with water until neutral; they were then distilled under 0-2 mm Hg 
vacuum until the overhead or the bottoms reached the required tem- 
perature when the residue was refined with lime and fuller’s earth to give 
the finished ester. If pure adipic acid was not available, the methyl ester 
was first prepared and purified. The methyl ester was then reacted with 
the required alcohol fraction using about 15 per cent excess alcohols and 
1-0 to 1-5 per cent benzene sulphonic acid as catalyst at 150 to 160° C. 
This second method was believed to be the one in general use at Leuna, 
where most of these esters were produced. 

Products. The composition of the few esters which were made in com- 
mercial quantities, from among the large number originally prepared, is 
given below :— 








No. Constitution. 
E. 426 Mixed ester of trimethylolethane and Leuna carboxylic acid fraction 


200 to 250° C fatty acids. 

455 Mixed adipic esters of the 140 to 180°C cut of the higher branched 
chain alcohols (isobutyl oils and Leuna alcohols). 

Mixed methy] adipic esters of the 160 to 200° C cut of above alcohols. 

515 Mixed methyl adipic or adipic esters of the 180 to 250° C cut of above 

alcohols. 


o 
= 


E. 623 Mixed methyladipic esters of isobutyl oils (180 to 250°C) and 
dimethylol-propane. 

E. 1321 Ester of adipic acid and C, alcohols. 

E. 1473 Adipic ester of the product obtained by condensing a molecule of 
ethylene oxide with i-nonyl alcohol. 

E. 3022 Ester of cyclohexanol and 2-methyl adipic acid. 

E. 3023 Adipic ester of p-methylcyclohexanol. 


Esteroil Ester of Leuna carboxylic acid (fraction 160 to 180°) and trimethylol- 
IT4 ethane. 
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Quantities Produced. No direct evidence of the actual quantities of 
individual esters produced can be given, since such quantities as have been 
quoted usually contain figures for plants under construction or being 
planned, as, for example, those given below :— 


Production (partly under construction or being planned). 


























Leuna. Schkopau. Auschwitz. 
Ester 426 1000 tons/yr -— 1600 tons/yr. 
Ester 455 230 — _ 
Ester 504 1000 -- 2400 
Ester 515 1500 2400 tons/yr. — 
Ester 623 500 -- -- 
IT4 200 _ —- 
Properties. 


Although no concrete figures for the above esters have been quoted, it 
is possible that by perusal of some of the translated documents some data 
might be obtained or alternatively inspection on products similar to those 
mentioned above. 

All are claimed to be heat stable, to have good lubricating properties 
and to have high V.I.s, the latter varying with the length of chain and 
branching of the alcohol used. 


¢ 


_ Alternative Method of Production (OXO Process). 


A joint development of the OXO process by Ruhrchemie and the L.G. 
enables aldehydes to be obtained from olefins. In this process carbon 
monoxide and hydrogen is added to the double bond giving a mixture of 
aldehydes as below :— 


R-CH-CH, + CO —» R-CH—CH, 
bai 


R-CH-CH,-CHO 
R-CH-CH, + H, < 

( R-CH-CHO 

CH, 


By oxidation or reduction these aldehydes can be converted to the 
corresponding acids or alcohols. The difficulty with this process is that 
with long carbon chains the double bond is not very reactive and adds on 
CO + H, very slowly: the limiting length of the carbon chain being 20 
carbon atoms. The process was used mainly with cracked wax olefines. 

It opens up a considerable field of long-chain acids, alcohols, and esters 
which have interesting possibilities in the lubricant field, particularly for 
the manufacture of greases, esters, and other additives. 


B. 2. Other Non-Hydrocarbon Synthetic Lubricants. 


At Ludwigshafen in the LK department headed by Dr Hopff ethoxylation 
products from multivalent alcohols were produced. As an example 
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LK2200, a product obtained by the addition of about 20 molecules of 
ethylene oxide to one molecule of trimethylol propane had the following 
structure :— 
/CH,(-O-CH,-CH,),-O-CH, -CH,OH 
CH,-CH,-C-CH,,(-O-CH,-CH,),-O-CH, -CH,OH 
\CH,(-O-CH,-CH,),-O-CH, CH,OH 


These products were found to be highly viscous lubricants which are 
distinguished by a very good V.I.; they are soluble in water in all propor. 
tions, but insoluble in hydrocarbons. By esterifying the terminal hydroxy 
group they can be made soluble in hydrocarbons. 

No details of the method of preparation have been given and they do 
not appear to have found any commercial application. The insolubility 
of the unesterified version suggests that they would be well suited for the 
lubrication of compressors for hydrocarbons. One report gives the results 
of an engine test in the BMW 132N ring sticker, where it was found that 
the LK2200 lubricated the engine without trouble and did not promote 
ring sticking 

Such details of the properties of these products as have been found are 
given in Table VII. 

Dr Rolfs of the I.G. Leverkusen had produced similar products to those 
given above of Dr Hopff of Ludwigshafen. By reacting tetra-hydrofurane 
or mixtures with ethylene oxide, etc., with anhydrous metal chlorides, e.g., 
FeCl,, polymerization took place with opening of the ring as follows :— 


HG ——CH, 


HC CH,| + HO-CH,-CH,-CH,-CH,-(O-CH,-CH,-CH,-CH,),— 
—O-CH,-CH,-CH,-CH,OH 


O ° 


The long chain poly-ether alcohols so obtained had good V.I.s, were 
readily soluble in water, but not hydrocarbons. When esterified they 
were somewhat soluble in hydrocarbon oils and the setting point was 
reduced. 

In the Table VIIa below are given inspection figures of two products so 
obtained :— 


TABLE VIIa. 











Sp. gr. at 20°C . 
Viscosity : 

at 100° F, cs 

at 210° F, cs ‘ ‘ » . ‘ . 
ff 7 ‘ ; é . é ; ‘ over 120 
Flash pt, °C ‘ ‘ ; ‘ : ; y _ 
Pour pt, °C , . . : ‘ ; —15 
Conradson carbon, % . ‘ : ' Q 0-2 











These and related products were only produced in small quantities 
experimentally and had apparently found no particular uses. 
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Taste VII. 
LK Products. 
LK 2200. LK 3012. LK 3049. 
Sp. gr. - ‘ - r - 1-119 — ~- 
Viscosity : 
at 100° F, cs . : . ; 117 13-38 10-45 
at 210° F, cs . ; : ‘ 13-9 3-07 2°53 
Vass ; : ; : é 117 -= — 
Setting pt, °C. ; - ‘ —38 * — — 
Flash pt, °C ‘ ‘ . ; 307 a “= 
Fire pt, °C ‘ ‘ : , 345 -- --- 
Neut. no, mg KOH/g ‘ : 0-51 — — 
Sap. no, mg KOH/g . : ‘ —0°51 — — 
Conradson carbon, % : ‘ 1-17 | o | a 





B. 3. Additives. 


[.G. Farbenindustrie Developments. 

Relatively-few additives have been discovered which have attained 
widespread tise. One, known as additive “r”’, was quite widely used in 
aviation oils and is described below. Interest in its development led to 
the disclosure of the following range of compounds. 

Each 1.G. additive as produced and tested was given a serial letter of 
the alphabet. As far as could be remembered the series is given below :-— 


‘a’ = butylphenolsulphide 

‘“*b”’ = butylphenoldisulphide 
““¢” = mixture of “a” and “b” 
“d” = dodecylamine. 


Experiments were made, based on the butylphenolsulphide, in which the 
available positions were substituted with various constituents and their 
properties noted; also various metal salts of these compounds were pre- 
pared. No exact information could be given of the formule represented 
by the succeeding letters of the alphabet or on the properties of the various 
materials. 


OH O-——Sa 0 OH 


a i de 3S 
co) q = 
wy, oy, ‘oe =, 
t-C,H, t-C,H, C,H, t-C,H, 


This material, similar to “r’”’ (below), was not used because it tended 
to precipitate from solution in use. 


7 


O—S8n—O OCR 
sate OO os 2 Se i 
A \ 


v4 
C,H, t-C,H, GH, t-C,H, 
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Additive “s” was a development of “rr,” but its composition and. 
properties could not be given from memory. 

All of the above additives were developed for use in I.C. engines and the 
one used in aviation oils—‘‘r’—was produced, and its constitution 
proved, by the series of reactions given below. 


OH OH 
' ‘ : 

ra 
GH, t-C\H, 


0=C—R 
O  ONa 
re a 
S( ) + Nac 
‘y FA 
“C,H, ¢-C,H, 


This step was queried, since there is an alternative mode of action, as 
follows :— 


— o=C- R 
.ONa ONa ONa ONa 


Or | * 2RCO-Cl —> . ouch On6 


t-CyH, t-C,H,! , Xa, t-C,H, 

Dr Zorn stated that, as they could not isolate the sodium salt of the 
phenol sulphide after the reaction, they could only assume that the first 
alternative, the partial esterification, had taken place. 


—t=0 ae “5 or og 
ONa O——fian——0 


Os). ieoira * 49 ee ® «© 


» tCHyI, C,H, LC, Na, C,H, 
Additive ‘ + 2NaCl 


The radical R was a branched-chain hexyl, heptyl, or octyl group. 

This additive was used in aviation engine oils to decrease the tendency 
to ring sticking as indicated in the BMW 132N type test. It was said to 
be effective only in synthetic oils or synthetic-oil blends using at least 
50 per cent synthetic oil. Although the I.G. claimed it was very effective 
the oil companies appeared to have other views, but this may be due to 
attempts to use it in mineral oils. No claim for detergent action was made 
for this additive; it was, however, stated to be a pro-oxidant, and this 
may have been the reason for its effectiveness. 

Mesulfol I. Two compounds bearing this name were produced, the 
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first—Mesulfol I—being a reaction product of amyl xanthate and sulphur 
chloride. 


28,000 xa t 330 > * 


s 
2NaCl + CH OCk OOO 


S ; 
o CH ol” \c-0-C,H 
6**11 \s-5-87 6**11 
S 


The compound was a golden-yellow oil with a sulphur content of 46 
per cent by weight. It was insoluble in water, but easily dissolved in 
hydrocarbon oils, and had a pour point’ of about —47° C. It gave a 
remarkably good performance in the four-ball machine. 

It had, however, the following disadvantages. First, it was catalytically 
decomposed by copper or copper alloys, when sulphur separated as “ flowers 
of sulphur,” this property being made use of in the vulcanization of Buna 
varnishes (the so-called “ Pervinan”’ varnishes). Secondly, Mesulfol I 
caused a lowering of the O.N. of leaded fuels when added to engine oils. 

Mesulfol II, The amyl xanthate, dissolved in ketones, alcohol, or 
water—particularly the latter—was reacted with ethylene dichloride at 
70° C. The product was washed with water and distilled. 


~ 


S 
20H OCC + Cl-CH,-CH,-Cl —> 
- a 


8 
4 , 
2NaCl + C,H,,-0-CZ Sc-0-0,H 
é Fas \s . 4 sft 


This compound was also a golden yellow oil with a sulphur content of 
about 32 per cent by weight, and a pour point of ca —47° C. It showed 
only half the film strength of Mesulfol I, but was absolutely stable towards 
copper and copper alloys; even when in contact with the metal at 100° C 
over a period of days there was not the slightest effect on the copper. It 
was also soluble in hydrocarbon oils and had no effect on the O.N. of the 
fuel. Thermally, it was very stable even at aero-engine temperatures, 
its action being favourable as regards ring sticking and, since it acted as 
an anti-oxidant, it tended to decrease the thickening tendencies of synthetic 
lubricants during use; it is possible that it also acted as a metal passifier. 

This additive was intended to replace additive ‘“r” for use in aviation 
oils. It would appear that the development of Mesulfol II was the result of 
an extended study of sulphur and oxygen-sulphur compounds. 

I.7 or I.G.891. Owing to some troubles experienced by Daimler- 
Benz in running-in engines, an additive was developed by Dr Wenk’s 
department at 1.G. Leverkusen, which was alleged to be effective in 
stopping the running out of bearings. 

The history of the development was as follows. Professor Glocker of 
the Technische Hochschule, Stuttgart, had done some work in which he 
had shown that tri-phenyl phosphine was effective as a polishing agent 
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when added to lubricants (cf work of Shell groups along the same lines), 
The I.G. repeated this preparation, and by carefully purifying the product, 
showed that it was ineffective. ‘They also showed that the active con. 
stituents in Glocker’s preparation were the chloro compounds formed 
according to the following reaction :— 


pee 
> z 

CIP <— PO,+¢ 5+AlCl, —> CLP’ 5 
werk, /% A 


Starting from this work, but using chlorobenzene, an acid is formed with 
the following structure :— 


which if added to the extent of 0-5 per cent proved effective as a lubricating 
oil additive in Daimler-Benz engines. It suffered from two disadvantages ; 
namely, it was only soluble with difficulty and it was too active, causing 
rapid wear. In order to overcome these disadvantages, it was coupled 
with stearylamine to give the following amide :— 


wv 
P 


el \NH-C,Hos 


Various mixtures of the free acid and the amide were tried to obtain 
optimum effect and the proportions finally used were about 50/50. The 
mixture was known as I1G.891, and was used in | per cent concentration. 

This mixture, owing to its poor solubility, was still difficult to mix in 
bulk, so a solution aid consisting of 50/50 ethyl alcohol and benzene was 
used. The resulting product was known as I.7 or I.G.891.BS, and was 
used in 2 per cent concentration. 

Most of the testing of this additive was done at Oppau and the engine 
testing by Daimler-Benz. It was stated that this product did not affect 
the lubricating oil except to give a slight opalescence at 17° C. In use 
it did not give rise to blackening of the oils as is noted with the alkyl and 
aryl phosphates or phosphites, but the highest temperature to which it 
had been heated was 230° C and at that temperature it tended to lose 
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water and become ineffective ; no information could be given of its decom- 
position products. 

The explanation of its action was that it acted as a mild corrosive agent, 
weakening the roughness projections and enabling them to be removed by 
mechanical means more easily. This explanation does not seem very satis- 
factory and the formation of a phosphate film would appear more probable. 

The preparation of the above acid has been described (J. Amer. Chem. 
Soc., 1942, 64, 2982-83). 





Specification. 





Sp. gr. at 20°C 
Phosphorus, % . 
Solubility . ° 
Load-carrying capacity 


Detection . 


1-004-1-015 

4-5-5 

2 per cent of 1-7 must dissolve in “‘ Rotring’’ without 
residue. No precipitate must form on cooling to 17° C; 
at most opalescence. 

2 per cent in “‘ Rotring’’ must carry a load of 1500 kg 
without seizure in the Almen machine. 

A red colour appears when 5 cc of 1-7 are mixed with 5 ce 


of a solution of 0-5 g of chloranil in 100 cc of o-dichlor- 
benzene. 








In the course of the laboratory work to find a suitable additive for break- 
in oil, the following compounds were tested and found unsuitable :— 


[ac > ,C-OH <_>-CH,-AsO,H, 
[(cH)N< >], a ok Not <>-An0, H, 


NOC >-As0,H, cK >-0-PO,H; 


{kK >), ) P-C,,Hg, | ~Br-HO,C-CH,-As0,H, 


tg 
Om, 
NH’ ‘oH 


Stearolic acid + PCl,. 
” ” + POCI,. 


& -As03H 


H, 
cH» N-S=0 
—“ ¢ 


(1) Diphenylphosphinic acid. 
(2) *” —N—propylamide. 
—N—propylamine. 
BE wr ier wony 
—Triethanolamine. 
—Stearylamine. 
(7) —N—butylamide. 
(8) Dinitrodiphonylphosphinic acid —dodecylamine. 
” » —paraffin amine. 
(1 0} —stearylamine. 
(11) Bis(2- chlorphenylphosphinic ‘acid)—stearylamine, 


31 
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was formed and this was then reacted with the sodium salt of mono- 
_ chloracetic acid to form the mesamidoacetic acid; the reactions in this 
process are given below :— 


R + SO, + Cl, —> RSO,Cl + Cl 
RSO,Cl + NH, —> RSO,NH, + HCl 
RSO,NH, + CICH,COONa —> RSO,-NH-CH,COONa + HCl 


This product, still containing 50 per cent of unchanged Kogasin, was 
marketed as “ Bohrmittel Hé” and was used as a 1-2 to 1-5 per cent 
aqueous emulsion of pH 7-2 to 7-5 for cutting and boring operations. This 
solution showed better properties than any previous commercial cutting 
oil, even when they were used in 4 to 6 per cent concentration. Further, 
the solution had the property of forming an anti-corrosive coating on all 
metal objects wetted by it, this protective film remaining active for weeks. 
Lubricating oils were also made with this product, these being highly 
concentrated aqueous solutions or emulsions (up to 25 per cent). 

If this mesamidoacetic acid was esterified with the 180 to 250° C iso- 
butyl oil fraction, the product was an ester oil having anti-corrosive pro- 
perties. This product, called K.S.E., was prepared as follows: the acid 
plus the alcohol fraction was reacted at 150° C in the presence of 6- 

- naphthalene sulphonic acid as catalyst and propyl ether or ester distillate 
as azeotrope-forming agent to effect removal of the water produced during 
esterification. The reaction mixture was neutralized with sodium carbonate 
solution, washed with 5 per cent NaCl solution or distilled at 120° C base 
temperature at 10 mm Hg, diluted with 50 per cent middle oil and washed 
with a mixture of 2 parts methanol and 1 part water. The washed crude 
ester was distilled at 2 to 5 mm Hg until the still-bottom temperature 

reached 140° C and the liquid in the still was refined with fuller’s earth. 











Rhenania-—Ossag Developments. 


Although the majority of additive developments appear to be in the 
field of extreme-pressure lubricants, the one and only reference to a deter- 







K.S.E. (Korrosionsschutz ester). This material was prepared as part of gen 
a programme of developments relating to wetting and emulsifying agents, cla 
The starting-out material was a fraction from the Fischer-Tropsch synthesis |) ° ! 
—Kogasin I]—having a boiling range of 220 to 330° C and having an ( 
average chain length of 15 carbon atoms. To remove olefinic and pre 
oxygenated compounds the Kogasin was first hydrogenated over a nickel 
tungstate catalyst. The resulting product, known as Mepasin, was then De 
sulpho-chlorinated by reaction with SO, and Cl, in ultra-violet light, 
according to the Reed process. In order to make sure that the maximum Oe 
addition of SO,;-Cl occurred at the end of the chain and that there was a hig 
minimum substitution elsewhere, the reaction was carried out at 30° C bu 
and was only allowed to proceed to approximately 50 per cent completion. pr 
This product, containing 50 per cent of unreacted Kogasin, was termed 
Mersol. M 

Various wetting agents were prepared from this material, but the 
particular products of interest were prepared in the following way. By ha 
reacting with gaseous ammonia, the corresponding sulphamide R-SO,NH, in 
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gent type additive occurs in a patent application by Rhenania. This 
claims the use of pure or preferably crude ozokerite with a further addition 
of a voltolized fatty oil to increase the effect. 

Other patent applications from the same source deal with E.P. additives 
prepared by treating olefins with sulphur and/or S,C\,. 


Deutsche Vacuum Developments. 


Etrol. This, an E.P. additive, developed by the Deutsche Vacuum 
Oel A.G., consisted of a mixture of m-chlor-nitro-benzene, together with a 
highly sulphurized mineral oil. It was used as a hypoid gear-oil additive, 
but it was claimed that Mesulphol II (see below) was a much superior 
product. 


Miscellaneous Developments. 


As an E.P. additive for transmission oils hexachlorethane appears to 
have been widely used, especially in the Army gear oil. Another interest- 
ing suggestion is the use of chromium acetyl acetonate, which, it was 
claimed, gave a very clean strip when used as an additive to I.C. engine 
oils. 


PART II—PRACTICAL APPLICATION OF SYNTHETIC 
LUBRICANTS. 


INTRODUCTION. 


In this section of the report consideration is given to the use to which 
the various products mentioned in the first part have been put. Because 
of the fact that much of the information has only been obtained from one 
source and the necessary documentary evidence substantiating the state- 
ments is missing, some of the claims must be accepted with reserve. As 
a means of indicating trends and as the basis for further work, however, 
the information should prove of some value. 

At the start of the war the two main oils for the Luftwaffe were Aeroshell 
Mittel (A.S.M., or V.2) and Intava or Rotring (Redband) 100. Both oils 
were approximately 100 sec Saybolt at 210° F. 

Up to 1941 Rotring was almost entirely made by the Deutsche Vacuum 
A.G. by Duo-Sol refining paraffin- or mixed-base crudes. About this time 
the 8.3 specification for aviation engine oil was introduced—the majority 
of the oil used then being composed of a blend of 50 per cent synthetic 
bright stock and 50 per cent of a thin mineral oil. The specifications of 
8.3 and V.2 (Aeroshell Mittel) are given in Table VIII, and Table IX gives 
specifications and inspections of the thin mineral oil referred to above. 

The synthetic components used in this blend were those already 
described, SS.906, 1006, and 1106 originating from I.G. (Leuna and 
Schkopau), Rhenania—Ossag (Harburg), and Pélitz, respectively; inspec- 
tions and specifications are given in Table X in comparison with a typical 
petroleum product. 

Typical inspection data for an 8.3 oil, together with a DED 2472B oil 
and Esso Aviation Oil 100 for comparison are given in Table XI. 
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Tasie VIII. 
Acceptance Conditions for the Aero-Engine Oils S.3 and V.2. 





Military name. 8.3. 8.3. 


Filling station mark =. 3... VK. VB, NM, WD, | RG, RL, LWP 

H, WN, WL, WR,| WN, WL, WR, we 
Wit WY, WV, WF, We, wy. WF, WB, 
WB, WG 


Technical specification for delivery . | TL 147-502 TL 147-561-563) TL 147-500 
TL 147-503 TL 147-571-573) 
TL 147-506 TL 147-(581-583) 


Appearance . é ‘ é . | The lubricating oil must be clear, free from undissolved water 
and mineral acids, and must contain no solid impurities 














Method of test.* 
Refract. index r . 1:4995 . 15070 
Density at Pate key (max) 0-897 , 0-920 
Viscosity 

at 50° G, cs (min) rs . 125-137 133-144 
4 19-0 19-4 


* O08 





pe (max) 
Viscosity index (min) * 
Setting pt, °C (min) 


t, °C ( ‘ 
Ignition pt, °C (min) : 
—_ value, mg KOH /g (max) 
p. value, mg KOH/g (max) 
See. test, at 250° ro % wt 


(max) 
Conradson, ° % wt (max) 
Ash, % wt (max) . 
Hard asphalt, % wt . 
Water, % wt . ° 




















® _ = .V.M. 1938 edition. Constructional specifications for B.V.M. Aero-engines, ‘* Test tion for 
e saepieating, Oils for Use in Otto Engines.’’ Can be eptained from Scientific Reports 
Section WB) of the DV L, Berlin—Adlershof, Rudower —* 16/25 
Dr Naock method. See Angewandte Chemie, 1936, 49, 38: 
} For 8.3 the filling station mark VK allows a max stiles b pt of —10°C. 
§ For 8.3-VK the max Noack test value is 5-0. , 


The finished blends were made up both by the refiners, e.g., Rhenania 
and Deutsche Vacuum, or by the Government-controlled blending and 
storage organization—WIFO—who received the components from the 
refineries. In all cases, about 0-2 per cent of the I.G. additive “r” was 
added to the final blend as an anti-ring-sticking additive. As will have 
been noted from the inspection figures, considerable variation in properties, 
particularly V.I., was possible with the various combinations of the two 
components and the specification allowed for this by setting different 
limits for oils made with certain components. 

All finished 8.3 blends were tested for ring sticking in the BMW 132N 
single-cylinder aero engine, and the 8.3 blend was required to have at 
least as good a ring-sticking performance as the reference oil. This 
insistence on ring-sticking performance is interesting, especially as the test 
method does not appear to have been correlated with practice, as apparently 
no statistical data were available. 

As shown earlier, it was possible to make a finished aero-engine lubricant 
synthetically, as exemplified by SS.903*and SS.1103. In Table XIa the 
respective ring-sticking times are given, from which it will be noted that 
the pure synthetic products were vastly superior in this test, and that 
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TaBLe IX. 


Specifications and Inspections of the Thin Component of S.3 Aero Engine Od. 





Oil. 





Test. 


88.607. 


88.707. 





Specification. 


Inspection. 


Specification. 





Sp. gr. at 20°C. 
Viscosity : 
at 50°C, cs. 
at 100°C, cs . 
Pole height 
R constant ‘‘ m 


Vib... : 
Setting pt, °C 


Neut. no, mg KOH/g 
Sap. no, mg KOH/g . 
Noack evap, % ; 
Conradson carbon, % 


Ash,% . ‘ 
Spec refraction . 








222-231 


0-0-03 


0-902-0-908 
58-7-66-7 


0-0-056 


7-0-12-8 


0-073-0-21 
Trace—0-003 
1-4969-1-5010 


0-895 max 
52- 1-87 8 


1-4935 max 








88.807. 





Specification. 


Inspection. 





Setting pt, °C 

Flash pt, °C 

Fire pt, °C. 

Neut. no, mg/KOH/g 
Sap. no, mg/KOH/g 

Noack evap, % ° 

Conradson carbon, % 


0-887-0-889 


52-1-66-1 
9-6-11-8 
1-78-2-0 
3:46-3:59 
av. 94 
—18 to —20 
223-232 


0 


0 
7-0-10-8 
0-24-0-29 


Ash, % pode e . Trace-0-003 
Spec refraction ° ‘ ; 1-5010 max 1-4930-1-4950 











the introduction of natural products reduced the time to ring sticking 
considerably. 

It would appear from the above figures that, except for supply con- 
siderations, it would have been preferable to have adopted a completely 
synthetic oil and thus, once and for all, to have eliminated ring-sticking 
troubles. In reply to extensive interrogation on this subject the following 
information, which throws considerable light on the behaviour of these 
oils in practice, was discovered. 

Early in the war, when oils from indigenous crude were being used, some 
difficulties were experienced, due to ring sticking. In order to alleviate 
this trouble, more drastic refining of the bright stock had to be used, since 
it was alleged that the heavy ends in the bright stock were the cause of 
ring sticking. Because of the poor quality of the crudes available, this 
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TABLE X. 


Specifications and Inspections of Synthetic Bright Stock Component of S.3 Aero- 
Engine Oil. 





SS.1006. 


Speci- 


fication. ‘ fication. Inspection, 





Sp. gr. at 20°C. . | 0-862 max | 0-852-0-855 0-875 max 0-869-0-872 
Viscosity : 
at 50°C,cs_ . ‘ 338-351 326-452 304-380 322-367 
at 100°C, cs . ; 42-3 43-55 41-3-45-2 42-46 

Pole height ‘ 1-73 max 1-63-1-75 1-75 max 1-63-1-69 
3-05 max 2-93-3-04 2-94-3-02 
107 min 111-115 i 112-115 
—25 max —26 to —32 y —16 to —28 
225 min 218-230 i 285-302 

: 0-06 max 0-028-0-056 . 0-0-028 
Sap. no, mg/KOH/g . 0-20 max 0-084-0-17 . 0-028-0-056 
Noack evap, % . R 8 max 4:7-7-0 : 
Conradson carbon, %. 0-2 max 0-032-0-23 
Ash,% . 0-0-028 Trace—0-002 





. . | 0 max 
Spec refraction . . | 1-4770 max | 1-4725-1-4738 | 1-4860 max | 1-4822-1-4888 











| SS.1106. 


Heavy cold 
test. 











) = = 
Specification. | Inspection. Inspection. 





Sp. gr. at 20°C. : , . 0-870 max 0-866—-0-867 0-902 
Viscosity : 
at 50°C,cs . ‘ ‘ , 277-5 min 332-348 
at 100°C, cs . ° ° ° 38-2 44-4-45-2 
Pole height : : - : 1-65 max 1-62-1-65 
R constant ‘“‘m” ; : , 2-95-2-98 
» 2 “ ; i 113-115 
—26 
312 





Neut. no, mg/KOH/g r it 0 
Sap. no, mg/KOH/g . ; ) “! 0-11 
Noack evap, % . : , . — 
Conradson carbon, % i : “2 0-175—0:23 
Ash,% . , é ; : Trace 
Spec refraction . . : ° | 1-4816 max 1-4820 











resulted in very poor yields of raffinate, and interfered with the supply of 
superheat-steam-cylinder oil. This aggravated a supply question which 
was already difficult, due to the fact that the Government omitted to 
acquire adequate stocks of American cylinder-oil residues, and the shortage 
of dewaxing equipment in Germany for treating residual oils. By the end 
of 1939, stocks of Pennsylvanian and similar cylinder oils had been ex- 
hausted, and substitutes had to be made from high-viscosity asphaltic 
distillates. Furthermore, the heavy ends which were thought to be 
troublesome in the aero-engine were essential for the steam-cylinder oils. 
The decision to concentrate on, and the introduction of the synthetic 
bright stocks, solved two problems at once; the synthetic oil alleviated 
the ring sticking and at the same time released supplies of mineral bright 
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TaBLe XI, 
Inspection of Aero-Engine Oils, 





Esso Aviation 
oven /O. i 





| 
Sp. gr. at 20°C. 
Viscosity : | 
at 100° F, cs . ‘ , ws 
at 210° F, cs . ‘ . | 
V.I. 
Flash pt (open), ‘op j 
Pour pt, °F , | 
Neut. no, mg/KOH/g_ 
Sap. no, mg/KOH/g . ei 
Conradson carbon, % | 
Ash, % . 








TABLE XIa. 
Ring-Sticking Tests of Various Blends. 





Ring-sticking time, 
hours. 


Oil. 





88.903 32 
88.1103 . 20-22 
50/50 blend (natural ‘and synthetic ) 10-12 * 


} 
Reference oil seaneatin saad ‘ ‘ . . . | S 
ditto +0-:2% additive ‘“r”’ | ca 16 * 








* These figures may be ‘optimiatio. 


stock for steam engines and, since the latter did not require the same 
degree of refining, the quantity available was also increased. 

Although the use of the synthetic bright stock increased the time to 
ring sticking, it appeared also to introduce other complications. Dr 
Zorn, who was interrogated on this subject, was at first reluctant to 
attribute any faults to the synthetic products, but on repeated questioning 
finally gave the following information to leading questions. On the reason 
for using the 50/50 blend instead of pure synthetic oils it was explained 
that the main reason for this was due to difficulties experienced with the 
fuel dilution system used for cold starting. Apparently the synthetic 
bright stocks made from cracked wax contained a proportion of unchanged 
paraffin wax which was carried over in the distillation of the olefins. 
This, with the dilution of the requisite quantity of fuel (up to 25 per cent) 
for cold starting, precipitated out; the precipitation was, however, pre- 
vented by the addition of the thin mineral oil, which held the wax in 
solution; a difficulty which was not experienced with the ethylene 
synthetic oils. 

Pressing this question further, it was suggested that the mixture was 
used because the synthetic oil thickened unduly in use—much more than 
a mineral oil. Zorn again argued that this effect was tied up with cold 
starting. Apparently the maximum viscosity allowable in German aero- 
engines for a satisfactory cold start was 7,600 cs, viscosities below this 
figure being obtained by means of fuel dilution. Although this was easily 
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possible with a straight synthetic oil, it was found that after a few flights 
it was impossible to get below the 7,600 cs required on dilution, because 
the oil had thickened so much. With the 50/50 blend, however, this was 
not the case, and the oil could continue in service without the fear of undue 
viscosity increase. It would thus appear that by the use of the natural 
distillate some degree of oxidation or polymerization inhibition had been 
introduced. Also, the fact that the ring-sticking time was so markedly 
reduced by this mineral-oil component, does not seem to lend much support 
to the allegation that the ring-sticking troubles found with the straight 
mineral oil were due to the heavy ends of the bright stock. 

As to the reason for this oxidation instability, some attempt has been 
made to relate this to constitution. Zorn has claimed that the ethylene 
synthetics have an isoparaffinic structure with a carbon skeleton as 


illustrated below :— o- 0-0 
¢ é ¢ 
g a? 


No support has been disclosed for this assertion, and it has even been 
admitted that ring structures were also present, the amount depending 
on the purity of the ethylene. The use of the Waterman ring analysis 
was not viewed with favour, as it had indicated ring structures in synthetic 
hydrocarbons which, by their method of preparation, could not contain 
them, and which were of an isoparaffinic structure. (Some observations 
on these oils and supporting evidence for the isoparaffinic structure are 
given in a paper by Murphy and Saunders (Refiner, May 1947, 26 (5), 
479-84)). It is possible that the skeleton illustrated did predominate, 
and that the presence of a large number of tertiary carbon atoms may 
have been the cause of the instability. It has been stated that, similar 
to an over-extracted mineral oil, these synthetic oils form acids on oxidation 
and not sludges. This fact may account for their efficacy in alleviating 
ring sticking in which they were assisted by the pro-oxidant additive 
“r.” In spite of this acid formation, no troubles were experienced due to 
bearing corrosion, but this was probably more due to the fact that non- 
sensitive alloys were used for bearings than to any quality of the oils 
used. 

The introduction of the synthetic oils, although reducing the ring- 
sticking tendencies, brought with it other difficulties. As would be 
expected of this paraffinic type of oil, its ability to hold sludge in suspension 
was not very great; consequently sludging troubles soon developed which 
were eventually overcome by the fitting of centrifuges. No work appears 
to have been done on the development or use of H.D.-type additives, 
although the similarity in structure between the I.G. additive “r” and 
that given for some commercial H.D. additives is worth noting. 

Another factor which caused some difficulties was the lack of lubricating 
ability in such a paraffinic, extracted oil. The D.V.L. sponsored a pro- 
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gramme of fundamental work on lubrication for which the I.G. Farben 
supplied and distributed a series of oils under code names, H.6, etc. 
Additionally, they carried out tests themselves and found that the efficiency 
of lubrication and prevention of wear varied considerably with different 
batches of 8.3 tested in their BMW 132 ring-wear tester. An attempt was 
made, with some success, to relate the rate of wear with the sulphur content 
of the oil; the results quoted certainly bear out this supposition. The 
sulphur-content figures quoted indicate that some of the thin components 
of the 8.3 must have had very high sulphur contents as the synthetic oils 
were sulphur-free. It was due to this lack of lubricating ability and, 
apparently, to the non-uniform, poor finish of the Daimler-Benz main 
bearings that the additive I.7 or 1.G.891BS, was introduced. Although 
only used during the break-in period it has been claimed that by the use 
of this additive the running-in time of new engines was reduced from 70 
to 20 hours and that the number of failures was reduced appreciably. 

It had always been appreciated that V.2 was a much better lubricant 
than the 8.3 oil, but whereas the latter decreased ring sticking in gasoline 
engines, the former, in contrast to its behaviour in diesel engines, increased 
it. With this fact in mind and with the experience in the development 
of the ester lubricants, the I.G. developed a new type of aero-engine oil 
which was coming into use in the last months of the war, and was to have 
entirely replaced 8.3 for this purpose. (It would appear that some con- 
siderable use was made of the programme on fundamental lubrication 
research mentioned above.) This development started in 1942, and it 
would appear that experience in operation at low temperatures on the 
Russian front must have added impetus to its development. One of the 


oils tested in the early phase of this work was a blend of 25 per cent ester 
mixture and 75 per cent SS.903, the ester being composed of 3 parts of 
E.515 and 2 parts of E.426. Tests on this blend are given below:— 


Viscosity : 
at 99°C = 2-0° E (11-8 cs). 
— 30° C = 3,000° E (22,800 cs). 
Setting pt = <—50°C 
Flash pt = >+220°C 
Later, this was superseded by SS.1600, which was to have come into 
general use : the composition and inspection are given below :— 


Low Temperature Aero-Engine Oil. 
88.1600. 


Composition: 45% wt 88.903 
55% wt E.515 
3% wt Mesulfol II 
Inspection: Viscosity at 210° F = 11-6 cs 
100° F = 34-5 cs 
—22° F = 7,600 cs 
VI. = 140 


This oil, an SAE.30 type, had apparently been type tested in German 
aero-engines, and under extreme operating conditions and duration tests 
gave no trouble at all. In spite of its low viscosity it was alleged to give 
30 per cent lower consumption than the much thicker 8.3. Additionally, 
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the power output of the engines was increased by 4 to 6 per cent; engine 
wear—particularly piston-ring wear—was much less and no ring sticking 
was experienced. In the BMW test this oil gave a ring-sticking time of 
43 to 48 hours. Due to the good viscosity curve it was found that a cold 
start could be obtained at —22° F without having recourse to dilution. 

The lower consumption of this oil was attributed to the increased surface 
activity of the product, the increased power output to the lower viscosity 
and better lubrication, and the increased ring-sticking time to the solvent 
power of the ester for the oxidation products responsible for sticking rings. 
The Mesulfol II used in this oil was claimed to have several functions; 
it was an antioxidant, an E.P. additive, and probably reduced the. catalytic 
activity of metals to an appreciable extent. As an illustration of the 
property of esters to dissolve oxidation products a patent application has 
been noted, in which claims are made for a two-phase lubricant, immiscible 
cold but miscible hot, the lower layer having a low vis¢osity but high 
solvent power for sludge, etc. It is possible that the ester used in this 
application was one in which ethylene oxide was coupled to the alcohol 
used for esterifying the adipic acid. 

Deliveries of the SS.1600 oil to the Luftwaffe started in the autumn of 
1944 at the rate of 100 tons/month. 


CoLD-CoRROSION PREVENTION O11 (“‘ Fiy-away OIL ”’). 


The German practice for running out engines for storage differed from 
the Allied practice in several particulars. Engines were always run on 
a clear fuel and then doped with either of two oils, K.39 or Nachlauf- 
schmierstoff T.42, according to the probable temperature at which they 
would be required to start. The K.39 was apparently of the soluble-oil 
type, used neat, containing a fair proportion of sulphonates, but it had 
a fairly high viscosity. The T.42 was a thin spindle oil containing ca 
5 per cent of a voltolized fatty oil. In practice these would be drained 
out, the engine filled with the appropriate lubricant, and started. For 
low-temperature starting the T.42 would be used, and the fact that the 
bearings, etc, would be filled with this, and that it was impossible to drain 
the engines completely enabled a start to be made before the thicker oil 
became circulated. 

A development of the low-temperature engine oil SS.1600 was claimed 
to supersede these two products in giving adequate anti-corrosive protec- 
tion and enabling the engine to be flown without oil change, i.e., it was a 
“ fly-away ” oil. The composition given was SS.1600 + 3 per cent of the 
anti-corrosive KSE. 


JET-ENGINE LUBRICANTS. 


It would appear that the first lubricant used for this purpose was a 
mixture of Rotring (S.3) and hydraulic oil D.2000. (This latter probably 
had the composition V.120 + 3 per cent E.3022 at the time this mixture 
was used.) This mixture was apparently not entirely satisfactory, and 
a new oil VS.1 or SS.1631 was developed for this purpose. As will be seen 
from the composition and inspection below, the VS.1 would be a superior 
lubricant, have a better viscosity-temperature curve, and have anti- 
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corrosive properties. This oil was used for gas turbines generally whether 
in the V.2 or for jets. 


Lubricating Oil for Gas Turbines, VS.1. 
88.1631. 
Composition ; 25% 88.903 
72% E.515 
3% KSE. 
Inspection: Viscosity at 210° F = 10-7 cs 
100° F = 21-3 cs 
V.1. 140 
Setting pt —45° C 


AUTOMOTIVE-ENGINE LUBRICANTS. 


Whilst there is little’ of importance to bring out in this field, the subject 
is worthy of mention, if only for the fact that the “ ester ” type lubricants 
were in experimental use. 

In the early days of the war and up to the first Russian campaign, the 
Germans attempted to use the same oil—Einheitsél—for winter and summer. 
Due to the catastrophic effects of this policy, winter and summer grades 
were reintroduced, and even so dilution had to be used in extreme cases; 
in addition a Tropical grade was used for the African theatre. Oppanol 
(i.e., Paratone) was allowed in these oils to a limited extent, but its use 
was not favoured and, in general, was more used for gear oils than for 
engine use. In Table XII inspections of these various oils are given where 


available. 
TaBLE XII. 


Automotive Engine Oils (Army). 





General Winter 
pu oil Summer grade. 
(Einheitsd!). grade. 





Test. Inspection. | Specification. | Inspection. | Specification. 





Sp. gr. at 20°C. . | 0-906-0-907 0-950 max | 0-901—0-908 
Viscosity : ad 
at 50°C,cs_. ‘ 62-7-67-6 60-8—68-4 60-78 

at 100°C, cs . : 10-5-11-6 16-6—19-4 * 10-6—-12-9 
Pole height ‘ , 2-09-2-29 1-9-2-11 
ue oe . 82-96 


Setting pt, °C . .| —16to —19 —22 to —31 
Flash pt, °C , . 216-226 212-219 
Conradson carbon, % 0-14—0-19 *2-0- 0-12-0-30 


Noack evap, % ; 
248°C: Ll hr ‘ 7-1-11-3 11-6-13-7 

















* At 80°C. 


Further evidence of the troubles experienced on the Russian front is 
the fact that considerable effort was directed to the preparation of heating 
aids for engines, accumulators, etc. These took the form, amongst other 
things, of slowly combustible briquettes, heating tablets for the intake air 
of diesel engines, etc. 

In order to keep up the quality of these oils, in so far as viscosity— 
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temperature relationship was concerned, synthetic’ oils were used for 
blending, and, as stated earlier, it was for this purpose that the entire 
Ruhrchemie production was utilized. Additionally, slops from the blend- 
ing of aviation grades was passed on for this purpose and hydrogenated 
brown-coal tar was even used, the latter mainly to increase the quantities 
available. 

The Ruhrchemie oil was known as SS.1202 and had a viscosity of 16-6 
cs at 100° C; it was used in the following proportions :— 

Winter Grade: 40% 88.1202 
60% Refined petroleum oil 45-2 to 49-1 cs at 122° F 


Summer Grade: 25% SS.1202 
75% Refined petroleum oil 60-8 cs at 122° F 


Special Grade for African Campaign : 
25% SS.1202 
75% Refined petroleum oil 91-2 cs at 122° F 

Although it was known that the Ruhrchemie products were unstable 
and were sensitive to oxidation, it was considered that it was not worth 
while to attempt to correct these faults for the purpose for which they were 
used. 

The same oils were used throughout the German army for gasoline and 
diesel engines, and no H.D. typés were considered necessary or produced. 

Parallel with the work for aero-engines the I.G. started to develop a 
truly “ all-the-year-round oil ”—Einheitsél—in 1942. In the winter of 
1942-43 a tank division in Finland was supplied with this type of oil for 
all their vehicles. The oil, K.10, had the following composition :— 

50 wt % SS.903 
50 wt % E.515 

This oil behaved excellently all through the winter, making possible 
easy starting in all vehicles at —40° F and giving low consumption. For 
summer use, and for worn engines, a somewhat more viscous oil was 
produced, namely, K.19, consisting of :— 

75 wt % 88.903 
25 wt % E.515 

At the end of 1944 K.10 was replaced by K.21, an oil having improved 
thermal stability, decreased thickening tendency, and improved lubricating 
properties ; the composition of this oil was :— 

50 wt % 88.903 
48 wt % E.515 
1 wt % Mesulfol II 
l wt % K.S.E. 

It would appear that the Mesulfol and K.S.E. were added as anti- 
oxidant and anti-corrosive, respectively, the latter, no doubt, to combat 
corrosion due to condensation at the low temperatures experienced. 
Inspection of these three products are given in Table XIII. 7 

It was considered that the last mentioned, K.21, might well become the 
automotive oil of the future, and it was alleged that it was being tested 
on a large scale for military use by the Russians. Since the capacity of 
the I.G. synthetic plants was too small and the requirements of the 
Luftwaffe too great, it was not possible to supply the whole army, even 
though its beneficial properties would have made it desirable to do so. 
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Taste XIII. 
Low Temperature Automotive Oil. 








Composition ; 
8S.903, % 


E.515, %° 
a II 


V alles 





Setting pt, °C 











SPECIAL AIRCRAFT LUBRICANTS. 


(a) Hydraulic Fluids. Originally Shell AB.11, a straight petroleum 
product similar to DTD.44D was used for this purpose. Owing to the 
fact that the viscosity-temperature characteristics were not good enough 
to allow low-temperature operation of the hydraulic systems, this was 
replaced by a blend which proved troublesome owing to its poor lubricating 
ability. The use of the latter blend, which may have consisted of V.120 + 3 
per cent E.3022, resulted in pronounced wear with the hydraulic pumps, 
undercarriages, hydraulic motors in turrets and guns. 

A satisfactory product was eventually evolved, and was used by the 
Luftwaffe from the end of 1941, the quantities supplied being usually of 
the order of 50 tons/month, but occasionally reaching 100 tons/month. 
The composition was :— 

84 wt % V.120 
12 wt 9% E.3022 or E.3023 
4wt % K.S.E. 
0-006 Fluorol 5 G dye and a trace of phenolphthalein. 

The reason given for the use of E.3022 and E.3023 was that the V.120 
caused the rubber seals to shrink, whereas the esters caused them to swell. 
The combination of the two balanced out and gave the best results. 
Originally their use had no relation to lubrication, but later it was found 
that even this was improved by their use. It was claimed that the K.S.E. 
rust preventive was effective in the vapour phase, as well as in the liquid 
phase of the hydraulic systems. 

Rhenania supplied a similar product, probably consisting of a refined 
gas oil-spindle oil with 3 per cent of Voltol, but the I.G. product was 
claimed to be superior. 

The specification and inspection data are given in Table XIV. 

(b) Machine-gun Oil (Waffendl blau). This machine-gun oil had very 
good low-temperature properties. It was introduced in the Luftwaffe in 
1941, and gave the same rate of fire at —60° C as at +60°C. Originally 
its composition was :— 


45 wt % V.120 


P- * ° yay |. 0-5 pt by weight (Sudan blue). 


6 wt % Mesulfol I 
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TABLE XIV. 
Hydraulic Fluids. 





Composition. Specification. 





12°? 
D. 2000 W. 4° 
Sp. gr. at 20° . - | below 0-845 


above 9-0 
below 4940 
below —70 
: . | above 120 (altered to 125) | 
Noack evap, % . - | <12% at 248° F 
Rubber swelling. . | 0- 29%. max. increase in volume | Little attack on rubber 
| at 80°C; after 24 hours— | 
| Perbunan rubber 
Acid no, mg/KOH/g . | below 0-3 | — 
Sap. no, mg/KOH/g . | ca 30 —- 
Rusting test . : . | Must be rust-free in air at | — 
| 100% humidity at 20°C | 
and 40° C for 2-4 weeks 








Performance tests carried out by R.I.B.A., Cannstadt, nr. Stuttgart, and by 
Junkers, Dessau. 

Pumpability tests also by Junkers. 

This oil generally satisfactory but substitute had poorer colour before addition of 
blue dye. K.S.E. rust preventive effective in vapour space as well as liquid space of 
hydraulic systems. This product was better than the equivalent Rhenania oil. 


From the end of 1942 the composition was changed, the unstable 

Mesulfol I being replaced by Mesulfol II :— 
45 wt % V.120 
45 wt % E.455 he 0- 
10 wt % Mesulfol IT 

At the beginning of 1945 Mesulfol II was. also used for the production 
of machine-gun oil for the Army. 

It would appear that the machine gun was used to some extent as an 
E.P. testing device, it being for its E.P. characteristics that the Mesulfol 
was used. Not only did this blend allow the same rate of fire over an 
extreme range of temperature, but it also increased the number of rounds 
fired before the gun jammed. 

(c) Aerial-torpedo Oil LTK.12. This product was introduced in the 
Luftwaffe during 1943, production being 30 tons/month during 1943 and 
100 tons/month during 1944. 

35% 88.903" 63% E.515 2% K.S.E. 


It had a viscosity of 87-4 to 95 cs at 122° F and a pour point below 
—50° C. 

It is known that LK.2200 was tried as a trackless-torpedo oil as were 
other blends containing chlorinated hydrocarbons with specific gravities 
greater than one. Although the latter type were used, it is not known if 
the LK.2200-type products ever found practical application for this 
purpose. 

(d) Clock Oils. It was mentioned, in passing, that both esters E.3022 
and E.3023 were used in clock oils for jewel bearings ; the E.3022 did not 
spread, but the E.3023 did. 


-5% Sudan blue 
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INDUSTRIAL LUBRICANTS. 


Railway-wagon Axle Oil (Y Achsenol Rot). This oil was developed at the 
request of the Minister of Transport, Dr Dorpmiiller, because of considerable 
trouble with railway traffic in the severe winter of 1940-41, when the goods 
station became choked because the wagons would not run from the shunting 
ramps due to poor lubrication and high viscosity. Using this oil, the same 
length of run was attained at —40° C as at +40° C. Also “ Y” oil had 
better lubricating properties, so that with constant load, goods wagons 
could increase their speed from 40 to 60 km/hr, or, if the speed were main- 
tained at 40 km/hr, the load could be increased by about 50 per cent. 
The Germans must have found these properties very useful when retreating. 

Simultaneously with the development of this lubricant, the Buna pack- 
ing ring was introduced to prevent the high leakage losses from the axle 
boxes. By this means one filling of “ Y ” oil lasted for over three years 
without renewal and, after examination, the oil was in such good con- 
dition that its period of servicé was still further extended. This increased 
length of service—possibly as much due to the Buna ring stopping leakage 
as the quality of the oil—rendered the synthetic oil, which was nine times 
as expensive as that previously used, a more economical proposition than 
the cheaper mineral axle oil. 

From the spring of 1942 “ Y ” axle oil was delivered in quantities of 
80 to 100 tons/month until the Leuna plant was bombed. 


“yy” Azle 00. 
Composition : 60 wt % R oil 
20 wt %&% V.120 
20 wt % E.504 
0-1 wt % Sudan red 


Viscosity at 210° F = 6-85 cs 
100° F = 43-0 cs 
—22° F = 6840 cs 

VI. = 123 
Pour pt —60° C 
Flash pt 145° C 

Superheat-steam-cylinder Oil. As mentioned earlier, Pélitz, Ludwigs- 
hafen, and Rheinpreussen at Homberg all produced low-pour-point 
cylinder oils for use on the Russian front. 

Cutting and Drawing Oil. The sodium salt of the mesamido acetic acid 
containing 50 per cent unreacted Kogasin and marketed as Bohrmittel 
H6 (see page 802) was used to a considerable extent in place of the usual 
soluble oils, mainly due to shortage of fats and emulsifiers generally. In - 
general, soda was used to soften the water and adjust the pH, but excess 
was to be avoided. For most ordinary turning jobs the strength used 
was 1/100 and for grinding 1/150 to 1/200 was said to be sufficient. The 
emulsion was not claimed to be a lubricant, it being stated that it would 
wash oil away from the metal surfaces; accordingly it could not be used 
to replace neat cutting oil on automatic machines. For heavy cutting 
work it is believed that additions of heavy mineral oil were made to the 
“ Bohrmittel ” before making the emulsion. 

The free acid, known as “ Siure E ” from the preparation of the above 
was used as a drawing medium in the production of shell cases. One 
disadvantage was that it attacked the skin of the operatives, causing 
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reddening and eventual peeling of the skin. In use it was usual to adjust 
the pH of a 0-5 per cent solution of the acid to between 5 and 7 by addition 
of a zincate solution. It was claimed that by the use of this type of pro. 
duct some of the intermediate heat-treating operations and the Parkerizing 
process usually employed, could be eliminated. 

Better results, without the above-mentioned disadvantage, were claimed 
for the use of isopropyleyclohexylbutyric acid in the form of its Na or 
cyclohexylamine salt. No practical tests had been made, but laboratory 
tests indicated a superior performance. 

As a substitute for rape oil—which was in short supply—an ester had 
been suggested for use in heavily loaded cutting operations and broaching. 
This was known as E.623, and consisted of a product obtained by reacting 
methyl adipic acid with isobutyl oil and dimethylolpropane. 


Transformer Oils. 

This application has also found a use for the ester-type product. The 
particular ester, IT.4, prepared from triméthylolethane and Leuna carb- 
oxylic acids (fraction 160 to 180° C) was claimed to be less combustible 
than mineral oil, very resistant to cold and did not form soot in operation, 
and has, therefore, a high sparking potential. 


Core Oils. 

The bottoms from butanediol production appear to have found an 
application as a core oil. These bottoms contain glycerol, methyl glycerol, 
1: 3- and 1 : 4-butanediol, 1 : 2 : 4-butanetriol, hexanetriol, or trimethyl. 
olpropane. Ammonium salts in strong acid solution were used as con- 


densing media. 
GREASES. 

Among the general observations to be made on German greases was the 
use of the sodium soap of montan wax to produce a practically water- 
resistant grease for the Army and the attempts to replace this wax by 
Fischer-Tropsch products. 

Several low-temperature greases were produced for aircraft. One, 
produced by the I.G. Farben, was manufactured from the gas oil-spindle 
oil from the ethylene polymerization process—V.120—and from the 
sodium salts of the fatty acid produced by oxidation of waxes. The 
sodium soaps were rendered water resistant by incorporating a small amount 
of calcium benzoate and anti-corrosion properties were obtained by the 
addition of 3 per cent K,.S.E. Perfect lubrication was obtained with this 
grease at —60° C and it was proposed to introduce it for Luftwaffe use in 
the spring of 1945, a production of about 30 tons/month being planned. 

In a similar way to the Allies the Germans developed lithium-base 
greases for aircraft use. It would appear, however, that contrary to Allied 
practice, the Germans only used these products for instrument lubrication. 
Two such products manufactured by Rhenania have been described. The 
first, a low-temperature grease for aircraft, contained 12 per cent soap in 
an SO,-treated gas oil (11-8 cs at 68° F) with a flash point of 130°C. The 
grease was made at 200° C, cooled in trays, and worked in a three-roll mill 
when cold. The drop point was 170° C and the A.S.T.M. unworked 
penetration was 230. A low-temperature torque test was required, but 
no oxidation or other form of stability was specified. In the latter stages 
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of the war, owing to lack of the treated gas oil, a straight asphaltic gas 
oil with a pour point of —65° C was substituted. 

A grease with similar soap content, but made from a spindle oil of 29-5 
cs at 68° F, was produced for the Army for low-temperature operation. 
It was successfully tried out in airscrew hubs but did not get into service 
before the war ended. No details of the fatty acids used in either of the 
above greases is available. 

Intava instrument grease was manufactured to the following formula :— 

4-10 wt % Prime white stearine (Neut. no, 210) 
0-77 wt % Montan wax special 
93-39 wt % Refined oil (7-5 cs at 122° E) 
0-74 wt % LiOH (solid 60%) 
1-00 wt % Glycerine 

The product was cooled in trays and milled, and had a drop point of 
165° C; about 35 tons/month were produced. 

Rhenania Ossag had produced a non-soap grease using a very fine silica 
as filler. Whilst this was claimed to have remarkable properties, no 
melting point, etc, it had-the disadvantage of being sensitive to water, 
which would displace the absorbed oil and break down the structure. 

Another non-soap grease was prepared by the Harmsen works at Kiel 
by oxidizing low pour spindle oils for days at a high temperature, a reflux 
condenser returning the vaporized product and preventing undue losses. 
The products, the consistency of which varied according to the time of 
oxidation, could be semi-fluid up to hard block greases. Among the 
properties claimed for these were stability against oxidation, good tem- 
perature—consistency relationship, no true melting point in that they 
behave more like asphalts, and good anti-corrosive properties. No details 
are known of the use to which these were put, but the _— appear to 
be of no little interest. 


DiIscussIoN AND CONCLUSIONS. 


It is interesting at this stage of our knowledge to compare the informa- 
tion now available on German petroleum products and that which was 
gleaned as Intelligence. Two major points stand out, one that we had no 
knowledge of, and indeed had no analytical means of detecting, the 
extensive use of synthetic hydrocarbon products in aero-engine and aircraft 
lubricants, and two, that we did not suspect the use of the ester-type 
lubricant. In one or two instances synthetic lubricants were suspected 
from a relatively low sulphur content and high V.I., but its almost 
invariable use was not known. 

In the first case the similarity in physical tests and probably in chemical 
constitution militates against the detection of the synthetic products, but, 
when it is considered that from about 1941, the major portion of the 
lubricants used by the Luftwaffe consisted of 50 per cent of synthetic 
components, the inability to detect this addition is noteworthy. Further- 
more, the use of the synthetic bright stock points again to the need ofa 
good-quality cylinder stock for aviation use ; even so, the effect of the thin 
component on ring-sticking test, for what it is worth, was more pronounced 
than what would be expected if, as suggested, the bright stock was the 
major criterion for a good aero-engine lubricant. 

Although it seems unlikely that the synthetic hydrocarbon products 
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would be able to compete commercially on a purely cost basis with similar 
products from petroleum, the possible use of the processes outlined for 
preparing special products of outstanding characteristics might make it 
feasible to use them, in certain circumstances, for the production of 
these specialized materials. As an example of this, it has been stated 
that the demand for the low-pour, spindle oil V.120 reached such pro. 
portions that the process was run so as to produce the maximum quantity of 
this fraction, even at the expense of what was originally the major product. 

From the technical standpoint it would appear doubtful from the manu- 
facturing procedure if the structure of the ethylene or cracked-wax 
synthetics was that anticipated or claimed. So far as is known the effect 
of using aluminium metal in conjunction with the chloride for polymerizing 
an impure ethylene was not tried, although it is believed it should have 
beneficial results. The difficulties that the I.G. found in utilizing petroleum 
wax without the preliminary hydrogenation step appear remarkable, since 
Rhenania Ossag, using to all intents and purposes the same process, did 
not appear to have.found the difficulty, and at the same time produced a 
comparable synthetic oil. 

The similarity between the Rheinpreussen process and that used for 
Paraflow is obvious. The influence of the aromatic rings in increasing 
the specific gravity and the Conradson carbon residue is noteworthy. In 
a similar class is the process developed by the French except for the use 
of the dichlorethane. The inspections given for some of the products of 
this process are remarkable in that they claim lubricating oils of high 
gravity and high viscosity indices, a feature shown by few other synthetic 
or natural products. 

The complete absence of sulphur required for the ethylene process 
contrasts strangely with the advantages found for its addition in the 
Ruhrchemie process, particularly so as a patent was taken out by Pier of 
I.G. for the inclusion of small amounts of oxygen, nitrogen, or sulphur in 
synthetic oils. 

In the ester field the German developments have certainly run parallel 
to our own within the framework of their limited economy. However, the 
application of this type of product had reached a stage which far exceeds 
any Allied development, and opens up a field for their use which, given 
low-cost production, would appear to enable almost revolutionary develop- 
ments to take place, particularly in the lubrication of I.C. engines. The 
fact that this information will get widespread publicity, if it has not had 
it already, makes it even more desirable that the utilization of these pro- 
ducts should be investigated at the earliest possible moment. 

The similarity between the 1.G. and other published programmes for 
the development of additives is remarkable. The two outstanding 
achievements appear to be the Mesulfol II and the K.S.E.: the properties 
of both of these would appear to be of sufficient interest to warrant 
investigation to see whether or not the claims are well founded. Further, 
the possible developments on the lines of the compounds used should be 

-worthy of serious attention. 

Of the other synthetic products the properties of high V.I. ether polymers 
from ethylene oxide or tetrahydrofurane suggest a similarity to the Carbide 
and Chemicals new Prestone synthetic oil. Whether or not these products 
have any future as I.C. engine lubricants remains to be seen, but even 
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though they did not appear to have found any serious application in 
Germany, their possible uses in other fields might be worth investigating. 

All those laboratory workers who have oxidized oil, either in the course 
of oxidation tests or in a heating bath, will at some time have produced 
products which would be similar to the special grease produced by this 
means. Further, many of these people will marvel at their lack of vision 
in not seeing the commercial application of what were, to them, usually 
troublesome products arising from ordinary test procedures. The develop- 
ment of the silica greases is noteworthy. 

Finally, it can be stated that, whereas outside Germany the tendency 
has been to use the petroleum industry as the basis of chemical production, 
the Germans have based their petroleum products on the considerable 
structure of their chemical industry and, what is more, they have been 
very successful and have achieved remarkable results. 


DIscussIon. 


Tue CHarrRMAN (G. H. Thornley): Mr West has covered an enormous 
field very fully this evening, and in a most lucid and happy manner. It 
certainly appears that the Germans were ahead of us in the matter of 
viscosity index and pour-point. It is almost shocking that railway-wagon 
axles were lubricated with oils having a viscosity index of about 120. They 
must have lagged behind in the matter of additives, for after going through 
more than half the alphabet to find the best against ring-sticking, it proved 
to be a pro-oxidant, at any rate as shown by the British Air Ministry test. 
It would be interesting if we could have confirmation of its pro-oxidant 
properties in engines, as distinct from tests carried out in glass apparatus 
without metallic catalysts. 


V. Biske: Mr West has given a large number of figures on pour-point. 
But is pour-point really a very valuable criterion, and would it not have 
been more valuable to have given the results of some sort of test like the 
Air Ministry test, using a U-tube ? 


H. L. West: Many of the figures we have given are the German figures, 
and we have to accept them as correct. So far as we know, the Germans 
had no test similar to the Air Ministry test, although it would have been 
very useful. 

We have obtained one or two samples of these products, but they were 
usually very small and we needed to do an enormous amount of work on 
them. Also most people engaged in this work were very busy and time 
has not been found for more than a cursory examination. 


D. L. SamuEL: Mr West states, in his summing up at the end of the 
paper: “‘ Two major points stand out, one that we had no knowledge of, 
and indeed had no analytical means of detecting, the extensive use of syn- 
thetic hydrocarbon products in aero-engine and aircraft lubricants and 
two, that we did not suspect the use of the ester-type lubricant.” I had 
rather close contact with the examination of some of these lubricants and, 
so far as I remember, in nearly every case the saponification values were 
determined by the usual methods. Can Mr West say whether the type of 
esters used by the Germans in their synthetic oils were split by the ordinary 
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method of determining saponification values, .e., by reacting with alcoholig 
potash. If so, I cannot see how they escaped detection, unless they were 
used on so few occasions that the possibility of detection was very small. 

In section A.1. of the paper in the sub-section dealing with the polymeriza. 
tion of propylene, it is stated that: “If propylene were used as the 
starting-out material a product was obtained which had a low V.I.—about 
80...” I presume that the V.I. of 80 is regarded as low as compared 
with the V.I. of 140 obtained when starting with ethylene. 


H. L. West: These esters will give you the calculated saponification 
values. 

With regard to your second point, what it was intended to convey was— 
and perhaps it is not quite clear—that the V.I.s were low in comparison 
with those which could be obtained from ethylene. 


J. L. Taytor: The Germans seem to have been very much pre. 
occupied with the problem of producing high molecular weight, high 
viscosity oils to take the place of bright stocks. I came across a reference, 
either just before or just after the beginning of the war, to what was called 
“ Einheitsél.”” This idea of one oil for all purpose was probably a very 
good Nazi idea, but I would like to know whether Mr West has collected any 
evidence of whether the Germans were serious in their search for a single 
oil for all purposes and whether they had any success. 


H. L. West: I think you will find that the term you have used relates to 
what we should call an “ all-the-year-round oil.”” They tried to arrive at 
one motor lubricant which would serve all the year round, but found they 
could not do it, and it is most obvious, from a reading of the literature, 
that they caught an “ awful cold ” on the Russian front; their equipment 
appears to have been immobilized by reason of the fact that they could not 
start it. Although this matter is not strictly connected with my paper, 
perhaps I may be allowed to say that if you look through the literature 
you will find that the Germans went to all sorts of trouble to find a means 
of starting engines under conditions of low temperature. They tried to 
adopt. the same sort of methods for their motor-vehicle engines as for 
aviation engines. They had elements for insertion in the induction mani- 
folds of diesel engines to warm up the air. The crux of the matter is that 
they found they could not operate with one oil all the year round. Thatis 
the practical point. They were getting somewhere near their goal towards 
the end of the war, and the motor oil K.19 would probably have done the 
job. However, their production facilities were such that they could not 
produce enough for the Army; they tried it out in one Panzer division in 
Finland, and it was said to work very satisfactorily there. 

Vote of THANKS. 


Tue CHarRMaN : It is now my pleasant duty to propose a vote of thanks. 
to Dr Tingle and to Mr West for the papers they have presented to us. We 
want to thank them, not only for their interesting and lucid expositions of 
their subjects, but also for the manner in which they have answered the 
questions put to them in the discussions on matters of which they were not, 
the primary authors. 

(The-vote of thanks was accorded with subeseitien and the meeting. 
closed.) 








